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ABSTRACT
In order to promote resiliency and sustainability, there is a benefit to making
buildings more adaptable. Adaptable buildings are believed to be more likely to be
modified, changed, or reused instead of being demolished. The research goals revolved
around understanding what features, if any, can be implemented during the design
phase to make a building more adaptable in the future. Three objectives were included
for this research:
1. Compare qualitative data from real-world adaptation projects with Design for
Adaptability (DfA) strategies reported in the literature.
2. Create a model for quantifying the “openness” of floorplans.
3. Measure the relationship (if any) between design-based adaptability (DBA), building
condition (BC), historical/sentimental value (HS) and adapt/demo outcomes. This
objective tests the null-hypothesis that HS, BC, or DBA are not significant predictors
for the demolition and adaptation outcome of projects.
The research presented in objective one was conducted to answer the question:
Do empirical data from real-world projects align with the Design for Adaptability (DfA)
strategies reported in the literature? To answer this question, a Thematic Analysis was
used to evaluate qualitative data from 89 building adaptation projects. The research
evidence suggests that when DfA strategies are present in a building design
(intentionally or otherwise), they facilitate adaptation. Similarly, when the strategies
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are not present, the adaptation project is impeded. This research provides empirical
support for implementing DfA strategies into new building designs.
The second objective was the creation of the Areal Openness Model (AOM) to
answer the question “how open is open in adaptable floor plans”, partly motivated by
the link between openness and adaptability. Case study comparisons are presented to
show proof of concept evaluation of AOM with adapted and demolished buildings. The
proposed AOM provides a means of quantitatively measuring openness as it relates to
adaptability. Future potential is for designers and owners to use the model to evaluate
building design alternatives with respect to adaptability.
The third objective was to measure the relationship (if any) between
historical/sentimental status (HS), building condition (BC), and design-based adaptability
(DBA) and adapt/demo outcomes. A quantitative assessment of demolished and
adapted buildings was conducted using a logistic regression model of 88 projects that
are either adapted or demolished. The assessment was particularly focused on
evaluating the impact of design-based adaptability on adapt/demo outcomes. The
research reveals that the historical and sentimental status of the building is statistically
significant to the outcome of adaptation. Building condition and design-based
adaptability are also positively related to adaption outcomes but not to a statistically
significant level.
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INTRODUCTION
Overview
This dissertation tackled three research questions: Do empirical data support
what is reported in the literature related to adaptability and design strategies? Do
historical sentiment, building conditions, or physical features of a building (as measured
by Design-Based Adaptability, DBA[1]) have an impact on the adaptation or demolition
outcomes? And lastly, how open is open as it relates to adaptability?
The American Institute of Architects (AIA) has reported sustainability as one of
their top issues and are working with communities to improve resiliency through
policies, building codes, and regulations that are strengthening adaptation and recovery
from extreme weather events and natural disasters (Top Issue, n.d.). The American
Society of Civil Engineers’ “Five-year Road Map to Sustainable Development” has
recognized that to achieve sustainable infrastructure, engineers must approach projects
and engineering in a new way (ASCE FIVE-YEAR ROADMAP TO SUSTAINABLE
DEVELOPMENT, n.d.). Adaptable designs that reduce the constraints placed on future
building owners and occupants are a path toward increased sustainability and resilience.
To explore this path, this research explored adaptability through three objectives. Each
objective is associated with one of the research questions asked in the previous
paragraph.

[1]

4.

DBA, a measure of how design features facilitate adaptation, is discussed and defined in Chapter
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The first objective of this research was to compare qualitative data from realworld projects with “Design for Adaptability”[2] (DfA) strategies reported in the
literature. The research question was, “do the empirical data support what is reported
in the literature?” Much has been written on the topic, but relatively little empirical
data have been presented in support. This objective utilizes the Thematic Analysis
method to evaluate the project data.
The second objective was to create a model for quantifying the “openness[3]” of
floorplans within the context of adaptability. The creation of the model was motivated
by the widely-reported but rarely-quantified link between openness and adaptability.
The Areal Openness Model (AOM) begins to answer the question: When it comes to
adaptable floor plans, how open is open? Proof of concept evaluation of the AOM was
performed through case study comparisons.
The third objective was to measure the relationship (if any) between
historical/sentimental status (HS), building condition (BC), and design-based adaptability
(DBA) and adapt/demo outcomes. A quantitative assessment of demolished and
adapted buildings was conducted using a logistic regression model. Data were collected
from “Natural Experiments” of 88 buildings that were either adapted or demolished. In
this objective the research had specific interests on the impact of DBA on adapt/demo
outcomes.

[2]
[3]

DfA is defined in Chapter 3, it is a strategy to intentionally design for future adaptation.
The term openness as it related to the AOM is defined and discussed further in chapter 5.
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Organization of dissertation
Chapter 2 is the state-of-the-art literature review by Rockow, Ross and Black
titled “Review of Methods for Evaluating Adaptability of Buildings” published in 2018 in
the International Journal of Building Pathology and Adaptation. The chapter reviews
existing models and tools for evaluating the adaptability of buildings. The chapter also
discusses knowledge gaps in modeling to quantify adaptability. Chapters 3, 4, and 5 also
include an additional review of literature for those chapters’ specific topic(s).
Chapter 3 includes the first objective of the research with the comparison of
building adaptation projects and design for adaptability (DfA) strategies.
Chapter 4 includes the second objective an areal openness model (AOM) for
quantifying the “openness” of floorplans. The chapter consists of background material
on openness as it related to adaptability, development of the model, and demonstration
of the model using case study projects.
Chapter 5 includes the final and third objective, the evaluation of the
relationship between adapted or demolished buildings’ historical significance, physical
condition, and design-based adaptability (DBA). This chapter includes additional
background and literature review of how historical sentiment, building condition, and
DBA relate to adaptation and demolition of buildings.
Chapter 6 is the concluding remarks of the dissertation and briefly discusses
some practical implications of the research. A summary of the research objective
statements, method of research, data used, and motivation are included in Table 1.1.
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Table 1.1: Qualitative & quantitative analyses of existing buildings’ adaptability Research objectives and details
Chapter

Objective Details

2

Statement

3

4

Method
Data
Motivation
Statement/o
bjective

Determine the state of the art on models and tools for evaluating the
adaptability of buildings
Literature review
Online technical literature data bases
Identify knowledge gaps for this research.
Compare qualitative data from real world projects with Design for
Adaptability (DfA) strategies reported in the literature

Method

Thematic Analysis

Data
Motivation

Qualitative data from 89 building adaptation projects
Very little empirical data has been published on the impact of DfA
strategies

Statement/o
bjective
Method

Create a model for quantifying the “openness” of floorplans

Data

Method

Floorplans of six buildings wherein “openness” contributed to the
decision to demolish or adapt
To study the widely reported but rarely quantified link between
openness and adaptation
Measure the relationship (if any) between historical/sentimental
value (HS), Building Condition (BC), Design-Based Adaptability (DBA),
and adapt/demo outcomes
Logistic regression modeling

Data

Qualitative data from 88 demolished or adapted buildings

Motivation

DBA, BC, and HS have been reported as impacting adaptation and
demolition outcomes. Are they impactful, and to what degree?

Motivation
5

Statement/o
bjective

Case study comparisons
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1

LITERATURE REVIEW
Abstract
Purpose
The purpose of this chapter is to present a review of existing models and tools
for evaluating the adaptability of buildings. A baseline of the current state of the art in
adaptability evaluation and adaptation decision support is established; from this
baseline, gaps for future research are recommended.
Approach
A literature review was conducted to identify papers describing adaptability
models and tools. The identified models were characterized based on their focus (new
buildings, existing buildings, building life cycle), considered variables (physical and/or
context features), and degree/type of validation.
Findings
Models can be grouped as those focusing on evaluating adaptation decisions for
existing buildings, the design of new buildings for future adaptation, and understanding
adaptation throughout a building life cycle. Models focusing on existing building
evaluation are further in development and validation than the other model types; as
such, they are more suitable for use by practitioners. Another finding is that modeling of

1

This chapter is the state-of-the-art literature review by Rockow, Ross and Black titled “Review of
Methods for Evaluating Adaptability of Buildings” published in 2018 in the International Journal of Building
Pathology and Adaptation.
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adaptability in buildings is still in its nascent stage and that data-driven quantitative
modeling is a prime area for future research.
Originality/value
This chapter is the first comprehensive review of models and tools for evaluating
adaptability. Other works have evaluated the topic of adaptability more broadly, but
this is the first chapter or paper to systematically describe existing models and tools.
Based on the review, future research topics are recommended.
Introduction
Resilience and Adaptability
In a seminal paper on the topic of resilience in the built environment, Bruneau et
al. (2003) presented the 4Rs of resilience: robustness, redundancy, resourcefulness, and
rapidity. These strategies were presented for resilience against catastrophic short
duration events, but they can also be applied to hazards that are relatively slow to
develop, such as obsolescence. Obsolescence, or the inability to satisfy current user
demands, may manifest its effects more slowly than an earthquake but is nevertheless a
chronic problem in the built environment (Lemer, 1996). The global issue of obsolete
buildings has led to an interest in adapting buildings to extend their usable life, to
improve their environmental sustainability and to avoid demolition (Bullen, 2007).
Buildings that can be readily adapted contribute to a resilient built environment by
making use of existing resources (resourcefulness) and decreasing the time and effort
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(rapidity) required to make changes to satisfy new demands and conditions. The
motivation for adaptable buildings was well-stated by Athena Institute and O’Connor
(2004): “Rather than attempt to predict the future and design permanent structures
with an infinite lifespan, we are probably better off in acknowledging our inability to
make such predictions and instead design for easy adaptation and material recovery.”
With the goal of facilitating resilience and “design for easy adaptation,” the current
chapter reviews the technical literature on models and tools for evaluating the
adaptability of buildings.
Scope and Approach
Previous authors, including Heidrich et al. (2017), published critical reviews of
literature on building adaptability in a general sense. The current chapter has a more
targeted focus: What is the state-of-the-art on modeling and quantifying adaptability?
To answer this question, a systematic review was conducted of relevant literature
identified through searching in online databases. Search terms included: buildings,
adaptability, adaptation, flexibility, retrofit, reuse, change, demolition, construction,
models, tools and frameworks. Relevant literature were also identified by reviewing
works that referenced How Buildings Learn (Brand, 1994), an early and essential book
on the topic of building adaptation.
After the initial database search, the following questions were used as secondary
filters to identify literature for review: Does the literature present a quantitative, or
potentially quantitative, method? Is the literatures attempting to measure or predict
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something? Does the content of the literature lend itself to validation against empirical
data? Based on these filters, nine models and tools were identified for detailed review
in the current chapter. Once identified, the models and tools were categorized by how,
where and when they apply to the building life cycle.
Many other related topics are acknowledged but are beyond the scope of this
chapter. This review does not consider design guides for adaptability or deconstruction
(Environmental Protection Agency (EPA), 2015), models and scoring systems focused on
deconstruction and material reuse (Akinade et al., 2015), building mortality models
(Aksözen et al., 2017), “green” rating systems (Haapio and Viitaniemi, 2008),
infrastructure resilience scoring systems (Ouyang, 2014), innovations in facilities
management (Noor and Pitt, 2009) or tools currently used for facility asset
management. Methodologies focusing primarily on energy efficiency and upgrades (e.g.
Serrano-Jimenez et al., 2017; Mangold et al., 2016) were also excluded from this
chapter.
Background
Terminology
One challenge confronted in preparing this review was making sense of the
terms and phrases used in the literature. To provide a common lexicon for the current
chapter, the following terms and their definitions are presented:
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Adaptability is the ease with which buildings can be physically modified,
deconstructed, refurbished, reconfigured, or repurposed (Ross et al., 2016). Adaptability
has been further described as the capacity [of a building] to adjust or be adjusted to suit
new situations (Schmidt III & Austin, 2016) and to react within a short time to new
circumstances with a minimal amount of effort and at a justifiable cost (Cowee &
Schwehr, 2012).
Adaptation is rehabilitation or renovation of existing buildings or structures for
any uses other than the present ones (Dolnick & Davidson, 1999). Building adaptation
is any work to a building over and above maintenance to change its capacity, function,
or performance [or] “any intervention to adjust, reuse, or upgrade a building” (Douglas,
2006).
Flexibility: Some authors use the word flexibility to be synonymous with
adaptability. For example, the U. S. Green Building Council’s (USGBC) intent for Design
for Flexibility is to “conserve resources associated with the construction and
management of buildings by designing for flexibility and ease of future adaptation and
for the service life of components and assemblies” (USGBC, n.d.). In contrast, the
authors of this chapter consider flexibility only in the context of furniture, fixtures, and
equipment (FFE). Because flexibility is herein defined as the ability to change FFE, it is
not used extensively in the current chapter.
Physical and Context will be used to denote different factors that impact a
building’s adaptability. Physical features include a building's height, shape, materials,
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and other items selected by designers. Context features are related to the social,
economic, and environmental aspects of a building’s surroundings. Examples of context
include weather and climate, building codes, zoning, and historic preservation
requirements.
How does adaptability fit into the building life cycle?
It is useful to position adaptability within the context of a typical building life
cycle. The life cycle shown in Figure 2.1 will be used in this chapter as a lens to describe
and characterize the different models for evaluating adaptability. This section will
present a brief overview of Figure 2.1 and will connect the figure with other concepts
that are key to understanding adaptability.
Initial Design

Relevant
Building

Changing demands & conditions
Aging

Obsolete
Building

Maintenance

No

Option 1
Do Nothing

Yes

Adaptable?

No

Option 2

Modify, refurbish, reconfigure,
expand and/or repurpose

Redesign

Material
Adaptable?
reuse?

No

Demolition
and waste

Figure 2.1: Building Life Cycle
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Yes
Deconstruct &
Reuse/recycle

Referring to the top-left corner of the figure, a building life cycle starts with
initial design and construction. Initially, it is relevant, meaning that it satisfies the needs
of its stakeholders, such as owner, tenants and community. The opposite of relevance is
obsolescence, the inability of a building to meet current user demands or the state of
being old-fashioned and out of date (Lemer, 1996).
Referring to Figure 2.1, there is a back-and-forth between the effects of aging
and maintenance. Whereas “maintainability” is a primary factor in preventing physical
obsolescence (Conejos, 2013; Langston, 2008), a lack of maintenance is one of the
primary reasons cited by owners for their decision to demolish a building (O’Connor et
al., 2013). Designing for maintainability is a related but separate topic from adaptability.
Interested readers are referred to the work by Chew (2016) as one starting point on
design for maintainability.
In addition to aging, changes to a building’s context or users’ demands also lead
to obsolescence. Context and user demands, combined with the physical conditions and
features, are critical issues for decision makers to consider when deciding to adapt or
demolish an obsolete building (Baker et al., 2017; Conejos et al., 2013; Langston, 2008).
The decision to adapt, demolish or do nothing is represented as the “Adaptable?”
decision point in Figure 2.1. This decision point is central to the models and tools
reviewed in this chapter.
Once a decision has been made to demolish a building, a subsequent decision
must be made to determine if and how much material from the obsolete building is
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going to be recycled or landfilled. Design for deconstruction is a strategy for designing
buildings for end-of-life recycling. This portion of the building life cycle is acknowledged
but is outside of the scope of the proposed research.
If the decision is made to adapt a building, then a range of modifications may be
pursued to return the building to relevance. These modifications may be relatively
minor such as outfitting a retail space for a new tenant, or major such as structural
upgrades associated with a change in occupancy. Different building systems are adapted
or replaced at different rates (Brand, 1994). Figure 2.2 presents different building layers
and their typical reoccurrence interval for modification or replacement. By combining
the building life cycle concept from Figure 2.1 and the layering concept from Figure 2.2,
the case can be made that the cycle from relevance to obsolescence back to relevance is
continuously played out in buildings, but a given cycle may not include all layers.

Figure 2.2: Building layers and modifications intervals (after Brand, 1994)
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Adaptability Models and Tools
Eleven models and tools are discussed below in no particular order.

Adaptive reuse potential (ARP) model (Langston and Shen, 2007)
The ARP model can be used to determine if a building is a good candidate for
adaptation (high adaptive potential) and to determine when a building’s adaptive
potential is at its peak. As such, the ARP model is useful at the “Adaptable?” decision
point in a building’s life (Figure 2.1).
First presented in 2007 (Langston and Shen, 2007), applications of the ARP
model have been reported in subsequent works (Wilkinson et al., 2014). It has also been
compared with the adaptSTAR (Conejos et al., 2014, 2015) and iconCUR models
(Langston, 2012); these models will be reviewed in the following sections. In addition to
comparisons with other models, the ARP model has also been validated through case
studies located in different cities throughout the world (Shen and Langston, 2010;
Wilkinson et al., 2014).
A key premise of the ARP model is that the “useful life” of a building is only a
fraction of its physical life. The well-established formulation for discounted cash flow is
used to discount the physical life to the useful life:
𝐿! =

𝐿"
(1 + ∑# 𝑂# )$!
Where:

Equation 2.1
Lu =
Lp =
Oi =
i=

Useful life
Expected maximum physical life
Discount factor based on obsolescence category
Index for categories of obsolescence
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The discount rate is determined by the degree of obsolescence, and seven
separate “discount rates” are summed to determine the total rate. Each rate is
associated with one of the categories of obsolescence described in the Background
section of the current chapter, and each type of obsolescence is assumed to decrease a
building’s useful life by up to 20%. Rules for determining each rate are presented in the
referenced literature but are not reviewed here.
To provide a scoring system that works with buildings of different expected
maximum lives, the ARP model normalizes the expected maximum life, the building age,
and the useful life to a scale of 100 years. Figure 2.3 is used to relate the normalized
“effective” values to ARP score. A decay curve is used to limit the ARP scores to
between 100 and zero. In the example shown in the figure, the effective age of the
building is 90 years, the effective useful life is 48 years, and the ARP score is
approximately 18%. The result means that the building is much older than its useful
age, is approaching the end of its expected physical life, and has low adaptive potential.
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Figure 2.3: ARP Model (Langston et al., 2013)
AdaptSTAR (Conejos et al., 2013)
Developed by Conejos, Langston, and Smith, adaptSTAR is a weighted-checklist
scoring system for evaluating a new building’s potential for future adaptive reuse.
AdaptSTAR uses a five-star rating scale similar to the Australia Green Building Council’s
Green Star system (Conejos et al., 2013). Thus, adaptSTAR operates in the “Initial
Design” phase of Figure 2.1 and connects initial physical and context features of a
building with the “Adaptable?” decision point. AdaptSTAR was validated through
comparison with case study buildings and with the ARP model (Conejos et al., 2013).
The twenty-six criteria considered in adaptSTAR were determined from
interviews with professionals and through a literature review (Conejos et al., 2014).
These criteria were categorized into the seven categories of obsolescence, discussed
previously in the Background section of this chapter. The scores for each category were
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multiplied by weightings, which were based on a survey of twenty-nine experienced
architects. Weighted category scores were summed and used to determine the number
of stars.
When comparing the adaptSTAR model with the ARP model (Conejos et al.,
2015), a negative correlation was found between the scores of these two models; a
building with a higher adaptSTAR score at the design phase had a lower ARP score when
the building was obsolete. This score means that buildings that are initially designed to
be adaptable are slower to feel the impacts of obsolescence; in other words, adaptable
buildings remain usable longer (relative to their physical lives) than non-adaptable
buildings. An adaptable building’s useful lifespan is closer to its physical lifespan.
Regarding the ARP model, this means that the discounting effects on "useful life” are
reduced in a building with a high adaptSTAR score.
IconCUR (Langston, 2012)
IconCUR is a three-dimensional (3D) model used to describe current and
potential performance of a building (Langston & Smith, 2012). The x, y, and z dimensions
are for Condition, Utilization, and Reward, respectively. The x-y plane (Figure 2.4) can be
used to inform property management decisions, and the z-axis identifies the strength of
that decision (Langston, 2013). Referring to Figure 2.1, the iconCUR model describes the
state of a building in the obsolescence-adaptation-relevance cycle and also provides
guidance at the “Adaptable?” decision point. It also provides recommendations on
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related actions such as preservation and repair. Based on the position of the building
within the 3D space, the following actions or alternatives are recommended:
§

Low condition and low utilization criteria = Reconstruct or dispose

§

High condition and high utilization = Retain or extend

§

Low condition and high utilization = Renovate or preserve

§

High condition and low utilization = Reuse or adapt
Coordinates for a given building are based on subcriteria scores and weights for

condition, degree of utilization, and reward for the owner. Details for calculating
coordinates are provided in (Wilkinson et al., 2014). The iconCUR model has been
compared to case studies (Wilkinson et al., 2014), the ARP model (Langston, 2012), and
the Conversion Meter (Baker et al., 2017). A key to utilizing iconCUR is the accurate
calculation of coordinates. On this point, Baker suggests having various stakeholders
provide data for the model and then using the average of the values of the stakeholder
responses (Baker et al., 2017).
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Figure 2.4: Spatial interpretation of the iconCUR model (After Langston, 2013)
Causal Loop Diagram of Building Adaptation (Gosling et al., 2013)
Causal loop diagraming (CLD), a tool from the field of System Dynamics, is a
graphical means of expressing relationships and feedback structures in complex systems
(Sterman, 2000). Arrows in a CLD represent causal relationships between different
variables in a system. Positive and negative signs are shown to denote the polarity of
the relationship. CLD can be used alone to describe systems qualitatively or can be
combined with quantitative relationships to predict or evaluate system behavior.
Figure 2.5 presents a CLD created by Gosling et al. (2013) to describe the building
adaptation system. The terminology used in the figure has been modified from the
original to be consistent with the lexicon used in the rest of the current chapter. The
Gosling CLD has two major parts: the intervention sub-system (shown on the right in the
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figure) and the primary adaptation system (shown on the left in the figure). The Gosling
CLD, particularly the intervention sub-system, was informed by a review of the relevant
technical literature.

Figure 2.5: Casual Loop Diagram of Building Adaptation System (After Gosling et al.,
2013)
The CLD postulates an overall model of the drivers, variables, and relationships
that govern the relevance-obsolescence-adaptation cycle (Figure 2.1). Demolition and
material reuse are not included in the CLD, although these actions could conceivably be
added. The intervention sub-system includes strategies that contribute to a “Yes”
outcome at the “Adaptable?” decision point. The remainder (left portion) of the CLD is
the system of factors contributing to the relevance-obsolescence-adaptation cycle.
Referring to Figure 2.1, user fitness (user demands building adaptation) and technical
fitness (building condition necessitates adaptation) both drive a building from relevance
to obsolescence. Externalities are changes in context or physical events that impact user
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and technical fitness. These externalities and their impacts are similar to the types of
obsolescence discussed in the Background section.
Means for quantifying the intervention sub-system, adaptation time, and
building performance were not proposed; however a theoretical approach based on
(Wu et al., 2006) was suggested as a potential means of modeling user and technical
fitness. Gosling et al. acknowledge limitations of the proposed CLD, even as they
recommend future work to “operationalize” (make applicable to practice) the model:
“In its current form as a conceptual and generic model, the causal
loop model provides insight into the inﬂuences on a building adaptation
system and the role of design for [adaptability] and process [adaptability]
in an adaptable building system. As such, it is a model to enhance our
understanding of the dynamics of adaptability and provides a basis for
discussion between stakeholders.”
Flex 4.0 Instrument (Geraedts, 2016)
Geraedts and co-authors have presented numerous iterations of the Flex
instrument (Geraedts & Prins, 2016; Geraedts, 2008). The latest iteration, Flex 4.0, will
be reviewed here. “Adaptive capacity” and “flexibility” calculated using Flex 4.0 are
nominally the same as “adaptability” as defined in the current chapter, and Flex 4.0 will
be discussed in terms of adaptability.
Flex 4.0 uses a point based system to sort buildings into five different classes of
adaptability. Class 1 is not adaptable at all and Class 5 has excellent adaptability. Points
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are calculated based on the physical features of the building and the relative importance
of those physical features to adaptability. Scoresheets for using Flex 4.0 are provided in
Geraedts’ Flex 4.0 paper (2016). One scoresheet is general, and the others have
questions specific for schools and office buildings.
Criteria (or “key indicators”) consider in the Flex instruments were identified
through literature survey (Geraedts, Remøy, Hermans, & Van Rijn, 2014) and
engagement with an expert panel (Geraedts & Prins, 2016). The criteria are organized
around building layers established by (Brand, 1994) (Figure 2.2), and exclusively focus on
physical features of the building. Features of the building’s context are not considered.
By focusing only on physical features, the Flex 4.0 instrument links initial design
decisions with the “Adaptable?” decision point as described in Figure 2.1. As stated by
the developer, Flex 4.0 Instrument is an "instrument that could be used in practice [to
assess the adaptability of buildings]" (Geraedts, 2016). Applications to case studies are
mentioned but no validation is presented.
Preliminary Assessment Adaptation Model (PAAM) (Wilkinson, 2014)
The Preliminary Adaptation Assessment Model (PAAM) was developed to aid in
the early assessment of buildings for adaptation (Wilkinson, 2014). PAAM consists of a
flow chart with quantitative assessments to determine if adaptation is feasible. Where
adaptation is not feasible, PAAM recommends that a building be mothballed,
demolished and redeveloped, or demolished and left undeveloped. The quantitative
assessments were based on a principal component analysis (PCA) of data from building
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adaptation events in the Melbourne central business district in Australia (Wilkinson et
al., 2009).
PCA is a statistical technique for identifying patterns and correlations within a
dataset and for identifying data that can be discarded as not “principal components.”
In this case, the original dataset consisted of 5,290 projects classified as “alterations and
extensions.” From the data, the PCA identified twelve attributes of buildings that are
highly correlated to adaptation projects. These attributes (principal components) fell
into three categories: physical/size, land, and social.
In PAAM’s decision-making flowchart a series of questions are posed at each
stage, and if the outcome indicates adaptation is desirable, then users move on to the
next stage. Points are obtained based on answers to these questions; questions,
possible responses, and point values are based on the PCA. An example question in the
physical category is: what number of stories are in the building? Because the questions,
responses, and point values are based directly on the source data, work is needed to
address the general applicability of PAAM. Nevertheless, PAAM stands out as being the
only current model that has been informed by large quantities of data.
The Learning Buildings Framework (LBF) (Ross, 2017)
Referring to Figure 2.1, the Learning Buildings Framework (LBF) is a quantitative
framework that links the impact of initial design and construction decisions to the
“Adaptable?” decision point. In other words, the LBF is a guide for designing new
buildings so that they are more likely and easily adapted in the future. The LBF focuses
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exclusively on “design-based adaptability” or adaptability based on physical features
that can be affected by initial design decisions. The LBF is theorized as a means of
facilitating responsiveness to inevitable changes in a building’s context; however, the
LBF does not attempt to quantify the impact of context.
The LBF was named in reference to Steward Brand's book How Buildings Learn
(Brand, 1994) and incorporates Brand’s “layers” concept (Figure 2.2). An adaptability
score is determined for each layer according to the degree of presence of adaptability
enablers (D) and the relative criticality of the layers (S) (Equation 2.2). Based on a
literature review, four different enablers were identified for consideration in the LBF:
long life, loose fit, layer separation, and reduced uncertainty.
𝐷𝐵𝐴 = Σ Σ 𝐷𝐵𝐴#% = Σ Σ . 𝐸# 𝑆% 𝐷#% 1
Where:
DBA= Design-based adaptability

Equation 2.2

i= Index for enabler dimensions
j= Index for building systems
E= Enabler weighting factor; values sum to 10
S= Layer weighting factor; values sum to 10
D= Degree of presence factor for each enabler in each
system
Prior-Analysis (Puppe, 1991), a theory used for risk assessment, is applied to
calculate the degree of presence factors. In Prior-Analysis, risk is calculated as the
product of the probability and impact. For the LBF, the degree of presence is calculated
as the probability that a given system will be adapted and the degree to which an
enabler category is utilized and effective in that system.
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Thus far, the LBF has been proposed, but not empirically validated. Another
limitation of the LBF is that rules for determining the different factors are not yet
established. Due to these limitations, the LBF is considered a promising theory, but not
yet ready for practical application.
Adaptable Building Design (ABD) Framework (Allahaim et al., 2010)
The Adaptable Building Design (ABD) Framework is a predictive framework for
selecting building adaptations that increase the lifetime functionality of a given building.
It combines probabilistic simulations and Real Options Analysis (ROA) to model a
building as it moves through multiple iterations of the relevance-obsolescenceadaptation cycle in Figure 2.1. As presented, the ABD provides an overall framework for
comparing alternative adaptation scenarios but requires more developed predictive
models to be broadly beneficial in practice.
Utilization of the ABD is carried out in four phases (Figure 2.6).

Figure 2.6: Four Phases of the ABD Framework (After Allahaim et al., 2010)
In phase 1 uncertainties are identified and are quantified. In phase 2 adaption options
are identified. This phase is referred to as “embedding flexibility” by the authors. In
phase 3 rules are developed to trigger the adaptation options. These rules map the
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uncertainty models from phase 1 to adaptation options from phase 2. Phase 4
combines the outputs of the other phases to calculate the economic value of the
building using ROA and Monte Carlo simulations of the entire life cycle. The end result
is a plan for initial construction and future adaptations that maximizes the expected
value of the building.
In reference to Figure 2.1, the ABD is applicable in initial design wherein
adaptation options are to be addressed. It can then be consulted during redesigns to
determine optimal adaptation strategies. In its current form the ABD is a promising step
towards modeling the relevance-obsolescence-adaptation cycle; however,
enhancements and validation are needed to facilitate practical implementation.
Conversion Meter (Geraedts, van der Voordt, & Remøy, 2017)
Referring to the building life cycle described in Figure 2.1, the Conversion Meter
focuses on the "Adaptable?" decision point and is used to evaluate the adaptive
potential of buildings. It was initially developed as the Transformation Meter (Geraedts
& Van der Voordt, 2002) in response to high vacancy rates of office buildings in the
Netherlands in the late 1990s. The latest iteration of the tool (Geraedts et al., 2017) will
be summarized here.
The Conversion Meter consists of a series of checklists containing binary yes/no
questions. The checklists have a hierarchal arrangement based on increasing levels of
specificity and rigor. The first stage is a “quick scan” which focuses primarily on the
context features of a building. Questions at this stage include “Is there demand for
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housing among the target demographic?” and “Is the owner willing to sell the building?”
The quick scan includes “go/no go” veto criteria that potentially end the investigation of
a particular building. Questions in the quick scan are general and can be readily
answered by real estate professionals, lenders, and owners.
If a building passes the quick scan, then secondary and tertiary “feasibility scans”
are performed. One feasibility scan is based on location and the other is based on
physical features of the building. Questions within both feasibility scans are grouped in
functional, cultural, technical, and legal categories. These categories nominally map to
the types of obsolescence described earlier. Questions under the “cultural” group in the
location-focused feasibility scan include: Is the building within 2 km of rail station?
Does the area have a good image that is free of vandalism? Questions can typically be
answered from maps, site visits, and discussions with real estate professionals. The
number of “yes” answers from each feasibility scan are summed and multiplied by a
weighting based on importance. The summation of the weighted values gives the user a
score which can be compared to a scale from “No potential” to “Excellent potential.”
The final steps of the Conversion Meter include a “financial feasibility scan” and
a “risk assessment checklist.” The financial scan is not a detailed calculation of
adaptation costs; instead, it considers acquisition cost, building condition, level of
adaptation required, number of units created, and rental/sale costs of units. Relative to
the other aspects of the Conversion Meter, less detail is given regarding implementation
of the financial feasibility scan. The risk assessment checklist is split into a separate
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location and include physical-focused lists. The lists suggest possible solutions if risks
are identified.
The Conversion Meter was compared in case studies in the Netherlands and
recently in the UK (Baker et al., 2017). Questions and features of the Conversation
Meter are intuitive and straightforward. Thus it is relatively easy to understand and it
provides a systematic approach for evaluating a broad range of criteria.
Triple-Bottom-Line Retrofit Optimization (McArthur & Jofeh, 2016)
McArthur and Jofeh presented a methodology for evaluating the triple-bottomline impact of potential building retrofits. The methodology can be applied to evaluate
existing buildings at the individual or portfolio level. With reference to Figure 2.1, the
methodology can be used at the “Adaptable?” decision point to study the benefits of
different types and levels of adaptation.
The approach is similar to that used in the Conversion Meter. Specifically, both
methods utilize a series of scans (called “filters” by McArthur and Jofeh) which involve
increasingly complex assessments. Both have features that consider risk and financial
aspects, and both methods utilize weighting factors to scale the importance of the
considered criteria. Distinctions of the McArthur and Jofeh methodology include the
types of criteria considered and the use of “bundles” (i.e. retrofit scenarios) in the
evaluation process. Criteria include physical and context features; energy usage and
greenhouse gas emissions are given particular attention in the methodology. Two case
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studies evaluating portfolios and two case studies evaluating individual buildings were
presented to illustrate the methodology.
SAGA Method – Spatial Assessment of Generality and Adaptability (Herthogs 2016)2
The SAGA Method is used to “compare, map, or categorize” large sets of floor
plans to determine the level of generality and adaptability. The method quantifies how
well a building’s spatial connectivity network and surface area distribution (floor plan
layout) can support change, both passively and actively. Among other things, the
authors quantify two different measures of floor plans: generality and adaptability
(Herthogs et al., 2017). The authors do not state it this way, but it is understood that
generality is a measure of how “loose-fitting” a plan is in its “passive” sense, i.e., not
physically altering the space but using it for difference purposes. Similarly, adaptability
is understood as a measure of how “loose-fitting” a floor plan can be in its “active”
sense, i.e., how easy it would be to physically alter the space for new purposes.
The method is based on graph theory and uses nodes and weighted path lengths
to represent the floor plans. A node is assigned to each room in the floor plan. Edges
represent physical connections (i.e. doorways) between nodes/rooms. Based on the
number of nodes, connectors and degrees of connectiveness, the SAGA method
calculates “generality” and “adaptability” in a floor plan. In consideration of all the

2

SAGA Method was not included in the original publication noted in footnote 2.
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different nodes and path lengths, the authors calculate generality and adaptability of
select residential examples in Belgium.
Separate scores are calculated for generality and adaptability and range from
zero (not generalizable/adaptable) to one (maximum generality/adaptability). There is a
tradeoff between the two quantities because when the current state of the building is
very general, it may not have as much room for adaptation.
To illustrate the SAGA approach, consider the plans shown below of a building
with three rooms. Figure 2.7 shows the building prior to adaptation; after adaptation is
shown in Figure 2.8. The associated node and connection diagrams are also shown.
Prior to adaptation lines connect node A to nodes B and C. This is because room A is
connected to the adjacent rooms via a door or other opening in the wall. Prior to
adaptation there is no direct access from room B to room C, so these nodes are not
joined by a connection.

44

Figure 2.7: Building Plan Example –
before adaptation

Figure 2.8: Building Plan Example – after
design considerations for adaptation

The after-adaptation plan shows all of the potential connections that could be
established through adaptation to a building. For the example building in Figure 2.8 a
dashed line is shown representing where wall removal could be used to connect rooms B
and C. The potential connection is also shown as a dashed line in the node and edge
figure. The authors of the SAGA method suggest that the relative difficulty of making an
adaptation could be used to weight the value of the connection in the subsequent
calculations. Thus potential connections made by adapting a non-load bearing partition
would be mathematically closer to a direct connection than would a potential connection
through a structural or plumbing wall.
This method is unique from the other methods that focus on initial design physical
aspects, such as LBF, Flex 4.0, and Conversion meter, which used weighted-sum models.
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Summary and Conclusion
Table 2.1 presents a summary of the models and tools reviewed in this chapter.
The models and tools were evaluated with respect to their focus, the types of feature
they consider, and the degree and type of validation.
Table 2.1: Summary of models reviewed
Model

Focus
Initial
design

ARP
adaptSTAR
iconCUR
CLD
Flex 4.0
PAAM
LBF
ABD
Conversion
Meter
McArthur
and Jofeh
SAGA

Adaptable
decision
point

Features
Considered
Building
life cycle

Validation

Physical

Context

•
•
•
•
•
•
•
•

•
•
•
•

•

•

•

•

•

•

•

•

•
•
•
•
•
•
•
•

•

•

•

None

Database
(n>100)

•
•
•
•
•
•

•
•

Case
studies
(n<100)

•

•
•

•

• symbol means “Yes” or included in the model

Regarding focus, the models can be grouped into three categories. First are
models that aid initial design of new buildings. Second are models that assist owners to
determine if an existing building should be adapted. Third are models that aim to
capture the entire life of a building as it moves through the obsolescence-adaptationrelevance cycle.
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The decision to adapt, demolish, or do nothing (the “Adaptable?” decision point
in Figure 2.1) was central to many of the models and tools reviewed in this chapter.
These models, namely ARP, iconCUR, and Conversion Meter, were further along in
development and implementation than models with other focuses. Models focusing on
the entire building lifecycle, namely CLD and ABD, were the least developed.
Most of the models reviewed considered both physical and context features. It
is clear from the literature that both types of features have significant impact on a
building’s adaptability. Flex 4.0 and LBF focused exclusively on initial design, and as
such they only considered physical features. The need for a standardized assessment
methodology to inform initial design has been noted (Heidrich et al., 2017), and further
development and validation of Flex 4.0 and LBF are thus recommended for future work.
Validation of the models and tools has primarily relied on intra-model
comparisons and comparison with a limited number of case studies. In some cases,
validation has not yet been conducted. Currently, only PAAM has been informed by a
large dataset. The dearth of data-driven validation is understandable given the effort
required to systematically collect and analyze detailed information on adaptation and
demolition projects. Datasets are nevertheless needed to move the current state of the
art of evaluating building adaptability forward. Such data could support creation of new
models and tools to guide through the different phases of the building life cycle
including initial design and redesign. The existing models could also benefit from the
scrutiny of comparisons with large datasets. Ultimately new data could aid stakeholders
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with these central questions: What is required to make a new building more adaptable?
Is this existing building a good candidate for adaptation?
The overall conclusion of this review is that the current state of modeling
building adaptation is in a nascent stage. Collection of data and development of datadriven quantitative modeling are primary recommendations for future research.
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COMPARISON OF BUILDING ADAPTATION PROJECTS AND DESIGN FOR
ADAPTABILITY (DFA) STRATEGIES
Abstract
The objective of this chapter is to compare qualitative data from real world
projects with DfA3 strategies reported in the literature. Do the empirical data support
what is reported in the literature? Much has been written on the topic, but relatively
little empirical data have been presented in support. This objective utilizes the
Thematic Analysis method to evaluate quantitative data from real world projects to
provide support for implementing them into new building design.
Design for Adaptability (DfA) embraces the inevitability of change by
intentionally designing buildings that can be readily modified to suit future needs. Many
journal papers, books, and design guides have reported the benefits and strategies of
DfA. These works have primarily been based on theoretical reasoning, expert opinion
surveys, practical experience, and case studies. The current chapter adds to the
discussion by comparing DfA strategies from the literature with qualitative data from 89
building adaptation projects. Data were provided by industry professionals and include
short descriptions of the buildings’ physical features that facilitated or impeded the
adaptation projects. The Thematic Analysis method was used to examine the data. Data
collection and analysis were straightforward, with the goal of answering an important

3

Design for Adaptability is intentionally designing a building or space for future adaptation.
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question: Do the DfA strategies reported in the literature align with the empirical data
from real-world projects? The research evidence suggests that when DfA strategies are
present in a building design (intentionally or otherwise), they facilitate adaptation.
Similarly, when the strategies are not present, the adaptation project is impeded. This
research provides empirical support for implementing DfA strategies into new building
designs.
Introduction
Adaptability of buildings is a topic of increasing interest in the technical literature
(Heidrich et al., 2017). In the context of buildings, adaptability has been defined as the
ease with which buildings can be physically modified, deconstructed, refurbished,
reconfigured, and/or repurposed (Ross et al., 2016). Similar definitions have also been
provided elsewhere in the literature (Cowee & Schwehr, 2012; Schmidt III & Austin,
2016). The phrase “Design for Adaptability” or “DfA” is used to describe the intentional
design of buildings that can be readily changed to support future needs and
preferences.
The research question motivating the current chapter is: Do the DfA strategies
reported in the literature align with the empirical data from real-world projects? To
answer this question, data from 89 building adaptation projects were collected and then
analyzed using the Thematic Analysis method. This method is used to identify and sort
qualitative data into themes. In the current study, the data were sorted into themes of
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different building features which facilitated or impeded the adaptation projects. These
themes were then compared against DfA strategies reported in the literature. The data
indicate overlap between the themes in the data and the published DfA strategies.
When DfA strategies were present in the buildings (intentionally or otherwise), they
facilitated adaptation. Similarly, when the strategies were not present the adaptation
projects were impeded. As such, this study provides empirical support for designers,
owners, or builders who wish to implement DfA strategies into new buildings.
Background
Overview
The current study fits within a larger body of writing on adaptable buildings. The
modern notion of adaptable buildings has its origin in John Habraken’s book Supports
(Habraken, 1961). As a response to housing challenges in post-WWII Europe, Habraken
proposed a support-and-infill concept in which the building structure is the
infrastructure which supports, but does not prescribe, the type of infill. In this manner,
occupants are offered a degree of autonomy to customize their dwellings to fit their
needs and preferences. From the time that Supports was published in 1961, many
additional papers (e.g. Duffy, 1990; Slaughter, 2001) and books (e.g. Brand, 1994;
Kendall & Teicher, 2010) have been written on the design of adaptable buildings. The
review paper by Heidrich et al. (2017), the collection edited by Lifschutz (Loose-Fit
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Architecture, 2017), and the textbook by Schmidt and Austin (2016) are good entry
points to this literature.
Design for Adaptability (DfA)
There have been multiple literature reviews of design strategies for adaptable
buildings. The reviews by Ross et al. (2016) and Heidrich et al. (2017) are the most
recent and will be used to introduce strategies associated with DfA. Ross et al.
synthesized the literature on adaptable design into 11 different strategies (referred to
as “enablers” by Ross et al.). They are listed below along with questions which help to
define and explain each strategy. The questions are written such that a “yes” answer
corresponds to the strategy being present. These questions are original to the current
dissertation and are an interpretation of the description provided by Ross et al. A
summary name that will be used throughout this chapter for each strategy is provided in
parenthesis. Strategies are listed alphabetically.
1. Access for Assessment (Access) — Can building components—particularly those
having short service life or being critical to building function—be easily accessed and
assessed?
2. Commonality (Common) — Are similar details, materials, and components used
throughout the building? Are there few unique conditions?
3. Mechanical Connections (Connections) — Were simple mechanical connections
utilized for ease of modification or replacement of building components? Can
cutting be avoided during modification or replacement?
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4. Design for Deconstruction (DfD) — Was the end-of-life of the building considered in
the initial design to account for deconstruction? Were specific deconstruction plans
provided?
5. Layering of building components and systems (Layer) — Are services, skin,
structure, and other building elements physically and functionally separated such
that one layer can be modified without impacting the others?
6. Appropriate materials (Materials) — Are the materials free of toxins or other
hazards? Do the materials have inherent quality and durability such that they might
last for the building lifecycle and beyond?
7. Modularity (Modular) — Are building components and their connections modular?
Can replacement components be easily obtained?
8. Open layouts (Open) — Does the floor plan have large open spaces that are free of
obstructions? Do the structure and services allow for large open spaces to be
created?
9. Accurate information (Plans) — Are as-built plans, models, or other documentation
readily available that accurately reflect the current state of the building?
10. Reserve capacity (Reserve) — Was the structure, foundation, services, and other
building components designed with more than the original intended design
capacity? Can the building elements support additional demand?
11. Simplicity (Simple) — Is building repetitive and regular? Are there clear and direct
load paths? Is the function of the building services straightforward?
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Through their review of 27 different publications, Heidrich et al. (2017) identified
172 different design characteristics in the literature that contribute to adaptability.
From this total, 38 characteristics were cited multiple times and are identified in Table
3.1. In contrast to the concept-driven list of strategies from Ross et al. (2016), the list of
characteristics identified by Heidrich et al. is more “granular” and detailed.
Nevertheless, there is considerable overlap between the two lists. For example,
Heinrich et al. separately reports “layer building systems,” “layers designed to allow
alternatives for lower layers,” “layers dismountable,” and “skin independent from
[structure],” which all fall under the umbrella of the “Layer” strategy from Ross et al. Of
the 38 most-cited features reported by Heinrich et al., 91% can be directly sorted into
one of the 11 strategies identified by Ross et al.
Table 3.1 compares the 38 physical characteristics reported by Heidrich et al.
with Ross et al.’s 11 enablers. A few of the physical characteristics do not fit into the 11
enablers; therefore, two new items were added to the enablers. The new enablers
include Floor-to-Floor Height (Fl-Fl Ht) and Other and are indicated with the asterisks in
the table. While Fl-Fl Ht could be categorized as part of the open strategy, it was not
explicitly defined as such in Ross et al. The Other category includes the “variety of plan
depth” and “extendable” characteristics, which represent only 4% of the citations from
Heidrich et al.
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Table 3.1: Thirty-eight characteristics most commonly found in literature review by
Heidrich et al. (2017) categorized into adaptability strategies4

accessible floor
accessible services
buffer zones / plenums
cable / ducts
ceiling space
central Cores
cladding reconfiguration
coordinate grids
double facad
drawings
extendable
fire protection
flexible comp separated from
fdn robustness
furniture not fixed
insulation and accoustic
kit of parts / standardization
layer bldg systems
layers designed for alt lower layers
layers dismountable
less details
loose fit approach
materials availability
minimize number of columns
modular installation system
moveable columns
multifunctionality
no male/female connections
optimize space utilization
overcapacity/overdesign
over measure energy
plugable connections
prefabrication
re-usability of components
redundancy
skin independent from structure
structural separations
variety of plan depths
Total Occurences in 93
Literature Review
% of Total

Other*

Fl-Fl ht*

Simple

Reserve

Plans

Open

Modular

Materials

Layer

DfD

Connections

Common

38 Characteristics

Access

Strategies

5
2
2
2
4
2
2
3
2
3
2
3
2
2
2
2
3
2
2
3
2
2
3
2
3
2
3
2
6
2
2
4
2
2
2
2
7

0

8

7.5% 0% 8.6%

0

24

10

7

7

3

14

5

4

2
4

0% 25.8% 10.8% 7.5% 7.5% 3.2% 15.1% 5.4% 4.3% 4.3%

4

The numbers in the table represent the number of citations reported by Heidrich et al. (2017).
The strategies, except those marked with an asterisks, were not included in Ross et al. (2016).
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“Design for Deconstruction” (DfD) or “disassembly” was listed as a separate DfA
enabler by Ross et al. (2016). However, because both approaches encompass multiple
and similar strategies, it is reasoned here that DfD is more than just a strategy under
DfA. As such, it is the author’s current opinion that DfD is not a DfA strategy but a
parallel and a separate design philosophy. DfD is focused on a building’s end-of-life and
how its materials and components can be removed and reused. Both approaches are
sometimes combined into Design for Adaptability and Deconstruction (DfAD) (Mouilek,
2009). While acknowledging the overlap of these approaches, this chapter’s primary
focus is DfA.
Previous Works
Research on adaptable buildings has typically relied on small datasets (Rockow et
al., 2018). A notable exception is the commendable work by Wilkinson and Reed (2011)
which evaluated 5,290 adaptation permits from Melbourne, Australia, to identify
correlations between adapted buildings and their features and context. It was observed
that adaptation was highly correlated with historic listings and building aesthetics.
Furthermore, building size (larger footprints being better for adaptation) and quality of
materials were correlated with adaptation.
The current chapter adds to the work by Wilkinson and Reed by qualitatively
evaluating the links between adaptability and buildings’ physical features. In this
manner, the current chapter is distinct but complementary to work conducted by
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Wilkinson and Reed. They used a large dataset to quantitatively evaluate correlations
between building features and adaptation.
Without the benefit of large datasets, many researchers have employed other
methods to study building adaption. Methods in the literature include case study
evaluations (e.g. Baker, Moncaster, & Al-Tabbaa, 2017; Herthogs, Debacker, Tunçer, De
Weerdt, & De Temmerman, 2019), expert opinion surveys (Israelsson & Hansson, 2009;
Becker et al., 2020) theoretical reasoning (e.g. Gosling, Sassi, Naim, & Lark, 2013; Ross,
2017), inter-model comparisons (Conejos et al., 2014), and probability-based computer
simulations (Allahaim et al., 2010). While there is no reason to doubt the validity of the
earlier works, the scarcity of empirically-driven and systematic evaluations of DfA is
notable. Previous works have resulted in different models and tools; however, modeling
of building adaptation is still in the nascent stage and additional empirical data are
needed to advance research on this topic (Rockow et al., 2018).
Bullen and Love (2010) reported on interviews of 81 architects, property
managers, building owners, and other relevant stakeholders regarding their experiences
with adaptive reuse of buildings in Perth, Australia. Interviewees were asked about the
“effectiveness of adaptive re-use as a strategy to achieve sustainability; attributes that
make a building suitable or unsuitable for adaptive re-use; impact of adaptive re-use on
stakeholders; and circumstances in which adaptive re-use or demolition are
considered.” Results indicated that the potential economic, social, and environmental
benefits of adaptation were considered by owners and practitioners as they made
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decisions regarding existing buildings. It was also concluded that additional empirical
data are required to evaluate adaptive reuse in the context of sustainability. The work
by Bullen and Love is similar to the current study in terms of methodology and effort.
Both studies rely on qualitative data to identify themes and both have datasets that
approach 100 participants/projects. The current work is distinct, however, in its direct
focus on comparing empirical data to DfA strategies in the literature. Furthermore, data
in the current study are from specific adaptation projects. Bullen and Love took a
different approach of collecting data on stakeholders’ “tacit and explicit” knowledge of
adaptive re-use.
The closest precedent to the current study is Slaughter’s 2001 paper, “Design
Strategies to Increase Building Flexibility.” “Flexibility” in this case is comparable to
“adaptability” as used in the current research. The Slaughter paper is based on empirical
data from 26 building adaptation projects and 22 new construction projects. The new
construction projects were described in a thesis by Keymer (2000) and were selected
because they involved buildings that were intentionally designed to accommodate
future changes. Qualitative data from the projects were analyzed to identify ten
“clusters” of design strategies for creating adaptable buildings. As observed from the
comparison in Table 3.2, there is considerable overlap between the clusters identified
by Slaughter and the strategies reported by Ross et al. (2016). For example, reducing
intra/inter-system interactions is comparable to the “layer” strategy of physically and
functionally separating building components from different layers. “Plans” and
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“materials” are the only strategies that do not specifically map to one or more of the
clusters. Regarding plans, the omission may be because the clusters focus specifically
on physical attributes of a building design, while the “plans” strategy is based on
collecting and retaining information after initial construction is complete. Slaughter
concludes that the empirical data demonstrate “the cost efficiency and overall
effectiveness of designing and building facilities to accommodate change.” The current
chapter builds on Slaughter’s work in four ways. First, the current chapter is based on
data from approximately three times more adaptation projects than in Slaughter’s work.
Second, it provides an independent assessment of Slaughter’s conclusions. Third, it has
the specific focus of comparing empirical data to DfA strategies reported in the
literature. And fourth, it is conducted using the well-established Thematic Analysis
method, whereas the work by Slaughter used an apparently similar but informal
process.
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Table 3.2: Comparison of “clusters” identified by Slaughter (2001)5 with DfA strategies
reported by Ross et al. An “x” indicates overlap in definition and content.

Methodology
Data were provided by industry professionals who answered a series of
questions about a specific adaptation project that they were involved with (Table 3.3).
The responses to those questions generated the qualitative data used in the analysis.
The questions were formulated during a preliminary study by Black et al. (2018), which
collected and analyzed data from 16 adaption projects.

5

Because Ross et al. and Heidrich et al. incorporated Slaughter’s results in their synthesis of DfA strategies,
the clusters are not explicitly considered in the section of this chapter titled, Design for Adaptability (DfA).
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Table 3.3: Data collection questions and response type
#

Item (Question)

Response Type

1

What is your field of practice?

Multiple options

2

How many years have you been in practice?

Numeric response

3

Have you participated in this survey before?

Yes/no

4

What is the building’s location?

Free response

5

What was the building’s age at the time of adaptation?

Numeric response

6

What was the primary material(s) for the building Multiple options (select all
structure prior to adaptation?
that apply)

7

Describe the building prior to adaptation. Information Free response
may include building name, occupancy, floor area, state
of maintenance, and/or number of stories.

8

Describe the scope of the adaptation project.

Free response

9

What physical characteristics of the original (pre- Free response
adapted) building facilitated or encouraged the
adaptation project? i.e. What physical characteristics
made the adaptation project feasible and/or desirable?
List up to three.
10 What physical characteristics of the original (pre- Free response
adapted) building impeded the adaptation project? i.e.
What physical characteristics made the project difficult?
List up to three.

Data were collected for 73 additional projects beyond the preliminary study by
Black et al., for a total of 89 projects. Data were collected during professional
development workshops using hard-copy surveys (Appendix A), in-person interviews,
and an online data entry form. A total of 80 different professionals provided data. Five
professionals contributed multiple buildings for a total of 14 projects. The other 75
projects were submitted by one-time participants.
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The Thematic Analysis method was used to evaluate data from questions 9 and
10. Thematic Analysis is “a method for identifying, analyzing, and reporting patterns
(themes) within data” (Braun and Clarke 2006). The method is commonly used to
evaluate qualitative data in social sciences and in this research was conducted in four
stages. A description of the stages is provided below and presented in Figure 3.1:

Figure 3.1: Thematic analysis process
1. Review data and initial labeling — Researchers read through the project data and
noted initial ideas for labeling and sorting. Items in the dataset were systematically
labeled according to content.
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2. Define themes and sort data — The researchers then collated the labeled data items
into potential themes using definitions and concepts from the literature as a starting
point.
3. Reviewing of themes — The potential themes and data were evaluated for internal
homogeneity and external heterogeneity, and after iterations of the process a
“thematic map” of the analysis was generated.
4. Refining definitions of themes— The researchers refined the specifics of each
theme, generating clear definitions and names. They then reported the overall
narrative generated by the analysis.
The end result is a thematic map and theme definitions.
Thematic Analysis is an iterative process (Braun and Clarke 2006). Researchers
move back-and-forth as they identify and refine the themes. The stages are used as
flexible guidelines rather than strict rules. Researchers should follow the basic precepts
of the stages as they advance their analysis (Braun and Clarke 2006).
To appropriately document a Thematic Analysis, researchers must explicitly state
specific details of their approach. As such, the following two paragraphs document
essential details of the approach used for the current study.
The analysis focused on identifying patterns across the entire dataset (all
responses to questions 9 and 10) rather than patterns within certain aspects of the data.
Data were analyzed using “semantic” and “realist” approaches. This means that the
data were taken at face value to the extent possible, and that the researchers did not
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attempt to use the data to determine anything about the viewpoints of the data
providers.
A “theoretical approach” was used, in which DfA strategies and characteristics
from the literature review were considered throughout the process. As such, the
literature review documented in the Background section was part of the Thematic
Analysis. While previous publications were considered, the research team remained
open to finding themes in the data that were not included in those publications. Initially,
no limit was placed on the quantity of datapoints needed for a given theme. A new
theme was defined if a given datapoint could not fit into one of the other themes.
Eventually, a catch-all theme was created to capture remaining misfit and unclear
datapoints.
The current analysis is part of a continuing process which was initiated with the
preliminary work reported by Black et al. (2018). Labeling and sorting of the initial 16
data points were conducted by Black with nominal involvement from the current
authors. As additional data were collected beyond those from the preliminary study, a
second round of labeling and sorting was conducted by the first author (Rockow).
Themes were refined during the second round of analysis to better represent the final
dataset.
Responses to questions 9 and 10 (Table 3.3) were considered in this analysis
because they ask directly about building features that create or impede adaptability,
and because they generate textual data which are required for the Thematic Analysis
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methodology. Based on the design of questions 9 and 10, the dataset included
responses that were both positive in tone and negative in tone. For example, the
industry participant reported “Bad floor-to-floor height (HVAC)” for one of the projects.
This is an example of a negative response because it describes how the lack of a feature
hampered the adaptation. A positive mention from another project on a related topic
was “tall floor to floor ceiling heights.” During the analysis, the research team included
both positive and negative responses as part of a single dataset and looked for common
themes across both types of responses. The tone (negative or positive) of the responses
was maintained in the data record even as the responses were categorized into themes.
In this manner, the number of positive and negative responses under each theme could
be reported.
Recall that the “semantic” approach was used in the analysis. Thus, the
meanings in the data were taken at face value, without attempting to glean information
beyond what was specifically stated in the text. This had implications on how the data
were sorted. For example, one of the projects discussed reuse of structural components
from an existing large stadium into multiple smaller stadiums. While it is likely that the
connections in the existing stadium facilitated removal of the components, and that the
DfD and Connections strategies were present, the data did not explicitly state this. This
data point was sorted as a positive example under the Materials theme because the
structural components unambiguously maintained sufficient quality to warrant reuse.
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Results and Discussion
Participants and Project Types
Questions 1 to 8 listed previously in Table 3.3 were used to measure the types of
projects in the dataset and the types of professionals who contributed data. The
authors’ goal was to collect a diverse dataset. As can be observed in Table 3.4, data
were provided by a variety of different professionals, with architects (43%) being the
most common. The structural materials, age at the time of adaptation, and type of the
adaptation (adaptive reuse or addition/remodel) also varied across the data. While the
data are not representative of any particular set of buildings, they do meet the goal of
coming from a range of project types and professionals.
Table 3.4: Details of data providers and projects
Category
Participant Field of Practice

Participant Experience

Material Type

Age of Building

Project Type

Response Options
Architects
Engineers
Others
Sum Reported
0-3 Years
4-10 Years
11-20 Years
21+ Years
Sum Reported
Concrete
Masonry / Brick
Steel
Wood
Combination
Sum Reported
0-25 years
26-50 years
51-75 years
76-100 years
100+ years
Sum Reported
Adaptive Reuse
Renovation
Sum Reported
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Percentage
43%
38%
19%
100%
9%
20%
23%
48%
100%
13%
17%
13%
7%
49%
100%
9%
36%
16%
20%
19%
100%
54%
46%
100%

Thematic Map
Figure 3.2 presents the thematic map of the dataset. The qualitative project data
from questions 9 and 10 were categorized into Design Features, Physical Condition,
Context of Building, and Other. The decision question for categorizing responses into
Design Features was, “Could the response mentioned be influenced by the actions of
professionals during the design and construction phase?” The other three categories
were for responses that were not related to the buildings’ initial design features.

Figure 3.2: Thematic map for data set
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Themes Related to Design
Recall that the current research is motivated by the question of whether data
from real-world projects align with DfA strategies from the literature. Seven themes
related to design features were identified in the responses from questions 9 and 10 and
are of primary interest to the research question. Those seven themes are Layer,
Material, Open, Plans, Simple, Strength, and Floor-to-Floor Height, described below.
Note that these descriptions overlap with the definitions of the DfA enablers by Ross et
al. (2016). Descriptions for the themes are given as questions which the researchers
used to categorize the responses.
1. Plans — Did the response discuss the quality or availability (or lack thereof) of asbuilt plans, models, or other documentation for the building or project?
2. Reserve — Did the response indicate that the structure, foundation, services, and
other building components were designed with sufficient capacity to support the
adaptation? For example, was there extra conduit or reserve capacity for electrical
or data lines for future expansion? Alternatively, did the responses indicate that the
original design was less than adequate in any of these building components?
3. Layer — Are the layers (structure, skin, services, etc.) separate from each other and
easy to access and change (Black et al., 2018)? Were conflicts between two or more
layers mentioned?
4. Open — Did the response mention that the floor plan had large open spaces? Did
they mention lack of obstructions that allowed for large open spaces?
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5. Floor-to-Floor Height (Fl-Fl Ht) — Was the fl-fl ht of the building mentioned? Did the
fl-fl ht prevent or create a challenge for the addition of services?
6. Simple — Did the response reference the simplicity or complexity of building
elements or the building as a whole? Is the building repetitive and regular?
7. Material — Did the response mention that the materials had toxins or hazards? Did
the response indicate that the materials have inherent quality and durability such
that they might last for the building cycle and beyond?
Examples of all of these responses, both positive in nature and negative (if available for
each of the themes), are listed in Table 3.5.
Table 3.5: Example responses to questions from initial design themes
Theme

Positive

Negative

Initial Design Themes

Plans

"Existing structural drawings were available"

"Stud wall not shown on plans"

Reserve

"The Slab on Grade was sufficiently thick with enough
rebar to support the new structural framing..."

"Upper floor couldn't support
load"

Layer

"Each room had chase and natural vent. All chases
used for new return air."

"Installing electrical conduits in
existing walls"

Open

"The openness of the floorplate facilitated the change "Lots of columns complicated
of use."
openness, but helped define
space"
"Good floor-to-floor space"
"Floor to floor height was a
major challenge in trying to run
ductwork."
About hospital room organization: "Rectilinear
"Lack of clear lateral load path"
configuration (racetrack)"

Fl-Fl Ht
Simple
Material

"Structure was relatively new steel-construction,
which made adaptation viable"
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"Asbestos"

“After Initial Design” Themes
Style/Form — In the Design Features of the thematic map (Figure 3.1), some
participants discussed that the style/form of the building was either favorable or not
favorable. Although style and form are directly related to initial design of the building, it
is difficult to project how favorable a given style or form could be years down the road
when a building might be adapted. The questions asked to sort the responses into
Style/Form theme are: Did the participant mention an architectural quality or
architectural features/style that impeded or facilitated the adaptation? Did they
mention a component or area of the building or aspects of the building’s form, without
any details? For example, a participant mentioned “crawl space.” The crawl space may
have been an original design feature that was favorable for the original building, but
currently, the participant stated it was an impedance. Their response did not imply a
strategy that future designers could employ to facilitate adaptation.
With respect to design features, although the participants were requested to
identify “physical characteristics” related to the original pre-adapted building design,
many of their responses also described the building’s current physical condition, items
related to context of the building, and some unrelated responses associated with the
building at the time of the adaptation. These responses were broken down into three
groups under the “After Initial Design” Themes and include Physical Condition, Context
of Building, and Other (Figure 3.2).
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Physical Condition — Physical Condition in Figure 3.2 is a theme associated with
the buildings’ physical state at the time of adaptation and are related to items after the
initial design of the building. While this theme is related to the buildings’ physical
features and design, it was separated from Design Features because it is a function of
how the buildings weathered or were cared for over time. Did the responses mention
the age, state of repair, or state of maintenance of the building? Did the responses
describe the physical condition of the mechanical, electrical, plumbing, or other service
systems within the building?
Five themes were identified regarding Context of Building and are defined below:
Code, Financial, Location, Historical/Sentiment, and Building Use. Descriptions for these
themes for items after the initial design are given as questions which the researchers used
to categorize the responses.
§

Code — Were any of the responses identified related to local building codes? These
code responses were related to any code changes after the initial design and
construction of the building.

§

Financial — Were any comments associated with the cost of the project or related
financial issues, including incentives or disincentives? Responses falling into this
theme did not directly link financial aspects to any of the other themes.

§

Location — Did the participant include any responses discussing the site of the
project, the location, or proximity to neighboring buildings or structures?
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§

Historical/Sentiment — Was the building a historical building, in a historic district,
or have sentimental importance?

§

Building Occupancy — Did the responses discuss the building occupancy or need to
maintain occupancy during the construction of the adaptation project?

§

Other — The responses that did not fit into these identified secondary interests of
Physical Condition and the list of themes within Context of Building were grouped
into Other. The remaining responses in Other did not have enough specificity for the
researchers to place into one of the defined themes as it related to the building
itself. Examples of these responses include:
§

“Schedule was [critical]”

§

“politics”

§

“time to rehab vs. demolish and build new”

§

“preserving embodied energy”

Examples of all of the responses from these “After Initial Design” Themes, both positive
in nature and negative (if available for each of the themes) are listed in Table 3.6.
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Table 3.6: Example responses to questions from “After Initial Design” Themes
Theme

Positive

Negative

Style

“After Initial Design” Themes
"Good details, craftsmanship"
"Crawl space"

Physical Condition
Code

"Well-maintained building"
No responses

Financial
Location

"Monetary decision to not build
new"
"Location was ideal"

Historical/Sentiment

"Historic nature"

Building Occupancy

"Building needed to continue
functioning as a railway station"

"Keep hospital open during
project"

Other

"Time to rehab vs. demolish and
build new"

"Politics"

"Poor maintenance"
"Need to adapt for ADA
[Americans with Disabilities Act]
compliance"
"Cost vs. SF - leaseability"
"Constrained access around the
site"
"Heritage listed façade, meant that
it could not be replaced"

Count data
“Initial Design” Themes
Themes related to design features are listed across the horizontal axis of Error!
Reference source not found.Figure 3.3. The “total” number at the bottom of the figure
is equal to the sum of the positive and negative responses for each theme. The positive
responses indicate that presence of these physical feature contributed to adaptability,
whereas negative responses indicate that absence of the feature detracted from
adaptability. The relative proportion of responses for a given theme does not convey its
degree of effectiveness. The presence of these themes in the data, however, are
evidence that the strategies associated with the themes created adaptability in the
buildings contained in the dataset.
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Figure 3.3: “Initial Design” Themes and number of responses
“After Initial Design” Themes
Questions 9 and 10 specifically asked for physical features to be identified;
however, many responses focused on the context of the building rather than the
physical features. These data speak to the importance to these themes that occur after
initial design. In the data collected, the maintenance of the building, or lack thereof, and
the physical condition were of notable concern throughout the building life cycle. Other
studies such as adaptSTAR (Conejos et al., 2013) have reported that physical features
are only a portion of the factors that contribute to a building’s adaptability. This was
also observed in the preliminary study, where factors such as historical status, location,
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and user needs were identified (Black et al., 2018). The occurrence of context features
is consistent with this notion. For example, there were forty-four responses related to
the location of the projects; thirty were positive, and fourteen were negative. “Location,
location, location” was the most often cited theme in this section for items after initial
design with over forty-four responses about site, location, or zoning. Some examples of
these location responses range from site location issues related to adjacent buildings or
streets, to zoning rules both impeding and facilitating the buildings’ adaptation. In total,
37% of the responses were associated with the themes that occurred after the initial
design. With the exception of design for maintainability (Chew, 2016) , initial design,
which is of primary interest to this study, cannot actively change the physical condition
of a building due to aging or lack of maintenance, or the context surrounding the
building. Maintainability and its relationship to adaptability is a promising topic for
further study but is not considered in this research. It is clear from the list of themes
reported in this theme in Figure 3.4 that factors beyond initial design are also critical to
adaptability.

75

Figure 3.4: “After Initial Design” Themes and number of responses
Comparison with previous DfA literature
Table 3.7 compares DfA strategies from Ross et al. (2016), Heidrich et al. (2017),
and the themes identified in the current study. Strategies under the column titled
“Ross” are listed in order from most-to-least effective based on the opinions from
surveyed experts (2016). Strategies listed under the column titled “Heidrich” and
“Rockow - Current Study” are based on prevalence within the literature and current
data, respectively. All seven of the themes identified in the current study under “Initial
Design” were also identified by Heidrich et al., whereas only five of the current themes
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aligned with the strategies from Ross et al. Access was not a theme in the current study,
but both Ross et al. and Heidrich et al. identified it in their top ten. Floor-to-floor height
(Fl-fl ht) was a predominant strategy that was recognized in the current research but not
as common in the literature review.
Table 3.7: Comparison of strategies (Ross et al.), characteristics (Heidrich et al.), and
themes (current study)
Ross

Heidrich

Listed in order of
effectiveness based on
expert survey (Top 10)
Ross et al., 2016

1. Plans
2. Reserve
3. Open
4. Layers
5. Simple
6. Access
7. Common
8. Materials
9. Connections
10. Modular

Listed in order of how
commonly reported in
literature
Heidrich et al., 2017

1.
2.
3.
4.
5.

Layers
Reserve
Materials
Connections
Open, Access, Modular

6.
7.
8.
9.

Simple
Fl-fl ht
Plans
Extendable [Expandable]

(tied for 5th place)

Rockow

Listed in order of how
common in current
data
Current Study

1.
2.
3.
4.
5.
6.
7.

Reserve
Materials
Open
Fl-fl ht
Simple
Layers
Plans

Large Floor-to-floor height (Fl-fl ht) could conceivably fall within the definition of
the “open” strategy reported by Ross et al.; however, it was selected as an independent
theme in the current data due to its prevalence.
The empirical data in this study tend to confirm the effectiveness of many of the
DfA strategies reported in the literature; themes in the analysis are associated with five
out of eleven strategies reported by Ross et al. The presence of the strategies in the
dataset buildings made them easier to adapt. Absence, as seen with the negative
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responses, made them more difficult to adapt. While the data can be used to confirm
the effectiveness of strategies that were observed, they cannot be used as evidence for
or against strategies that were not observed in the dataset. The strategies from the
literature that were not in the data were modularity and interchangeable components
(Modular), providing access to service or inspect building components (Access), using
similar components throughout (Common), the use of reversible or easy-to-undo
connections (Connections), and having the ability to expand a building layout
horizontally or vertically (Expandable). Nothing can be said in support of or against the
effectiveness of the strategies not listed.
Limitations and Future Research
Empirical data presented in this chapter may be useful for owners and
practitioners that may question the effectiveness of DfA strategies. However, there are
limitations to this data which warrant discussion. The degree of effectiveness cannot be
determined from the available data. For example, the data confirm that strategies such
as open floor plans and additional structural capacity can facilitate adaptation; however,
the data cannot be used to determine which strategy is more effective. Also, the data
cannot be used to evaluate the effectiveness—or lack thereof—of strategies that do not
appear in the survey responses. For example, deconstructable connections were not
mentioned; however, it is possible that such connections are highly effective in
facilitating adaptation.
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This research identified broad themes but does not inform as to which particular
strategies should be applied to a specific building. The data in this study are high-level
and do not provide information at a granular scale. For example, the “open floor plans”
is confirmed as a facilitator of adaptation; however, the data do not inform what size a
room should be to be considered “open.” Such details are situational and will vary from
one building typology and occupancy to another. Future research is recommended
which considers the conditional nature of implementing particular strategies.
Future research on the cost of implementing DfA strategies is also
recommended. Some strategies, such as using simple designs, are likely to decrease
initial construction cost, while others, such as adding reserve structural capacity, will
increase costs. The potential benefits of implementing DfA strategies should also be
considered along with the costs.
Summary and Conclusion
The research presented in this chapter was conducted to answer the question:
Do empirical data from real-world projects align with the Design for Adaptability (DfA)
strategies reported in the literature? To answer this question, a Thematic Analysis was
used to evaluate qualitative data from 89 building adaptation projects. The analysis
used qualitative data from industry professionals who were asked to list the physical
characteristics of the pre-adapted buildings that facilitated and impeded the projects.
The dataset was not representative of any particular group of adaptation projects;
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rather, the dataset included a range of building ages, materials, and project types.
Similarly, data were provided by building industry professionals with a range of different
backgrounds.
Some of the DfA strategies reported in the literature were not identified as
themes in the data. Nothing can be said from the empirical data regarding the
effectiveness (or lack thereof) of these strategies. DfA strategies not identified in the
themes include:
§

Access — providing access to service or inspect building components

§

Common — using similar components throughout

§

Connections — the use of reversible or easy-to-undo connections

§

Modular — modularity and interchangeable components

§

Expandable — the ability to expand a building layout horizontally or vertically
Many of the responses were unrelated to DfA strategies and instead focused on the

physical condition and context of the building. In total, 37% of responses were
associated with the physical condition or context. Although participants were
specifically asked to identify buildings features that impeded or facilitated adaptation,
their focus on physical condition and context underscores how critical these factors are
to building adaptation.
Themes identified in the data that do overlap with DfA strategies from the literature,
include:
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§

Reserve — confirming the structure, foundation, services, and other building
components are designed with sufficient capacity to support the adaptation.

§

Material — the inherent quality and durability of the materials in the building such
that they might last for the current building life cycle and beyond.

§

Open — large open layout or spaces with lack of obstructions.

§

Floor-to-Floor Height (Fl-Fl Ht) — height of the spaces large enough to
accommodate adaptation such as the addition of services.

§

Simple — simplicity of the building with respect to having repetitive or
regular/standard elements throughout.

§

Layers — services or various systems that are separate from other layers (structure,
skin, etc.) and easy to access and change.

§

Plans — accurate information for an existing building such as record drawings/asbuilt plans, models, or other documentation for the project.
Do empirical data from real-world projects align with the DfA strategies reported in

the literature? The answer is “yes,” the data and analysis presented in this chapter tend
to confirm the effectiveness of most DfA strategies from the literature, meaning that
these strategies indeed facilitate adaptation and that their absence impedes adaptation.
Themes in the analysis had overlap with most of the “characteristics” from Heidrich et
al. (2017) and five were representative of the Ross et al.’s eleven “enablers”. As such,
this study provides empirical support for designers, owners, or builders who wish to
implement DfA strategies into new buildings.
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Themes identified in the Chapter were also considered in the quantitative
analysis presented in Chapter 5. Various parameters associated with the condition of
the building, context surrounding the building, and design features are measured and
compared to determine their impact (if any) on demolition and adaptation outcomes.
While the thematic analysis demonstrated that DfA strategies facilitate adaptation (i.e.
make it easier to adapt) the qualitative analyses in Chapter 5 will evaluate if design also
leads to more adaptation outcomes.
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6AN

AREAL OPENNESS MODEL (AOM) FOR QUANTIFYING THE
“OPENNESS” OF FLOORPLANS

Abstract
Purpose
This chapter describes and demonstrates a quantitative Areal Openness Model
(AOM) for measuring the openness of floor plans. Creation of the model was motivated
by the widely reported but rarely quantified link between openness and adaptability.
Approach
The model calculates values for three indicators: Openness Score (OS), Weighted
Openness Score (WOS), and Openness Potential (OP). OS measures the absence of
obstructions (walls, chases, columns) that separate areas in a floor plan. WOS measures
the number of obstructions while also accounting for the difficulty of removing them.
OP measures the potential of a floor plan to become more open. Indicators were
calculated for three demolished case study buildings and for three adapted buildings.
The case study buildings were selected because openness – or lack thereof –
contributed to the owners’ decisions to demolish or adapt.
Findings
Openness indicators were consistent with the real-world outcomes (adaptation
or demolition) of the case study buildings. This encouraging result suggests that the
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proposed model is a reasonable approach for comparing the openness of floor plans
and evaluating them for possible adaptation or demolition.
Originality/Value
The AOM is presented as a tool for facility managers to evaluate inventories of
existing buildings, designers to compare alternative plan layouts, and researchers to
measure openness of case studies. It is intended to be sufficiently complex as to
produce meaningful results, relatively simple to apply, and readily modifiable to suit
different situations. The model is the first to calculate floor plan openness within the
context of adaptability.
Introduction
Adaptive reuse of existing buildings can result in economic, social, and
environmental benefits (e.g. Giles, 2005; Caroon, 2010; Wilkinson et al., 2014). To
facilitate these benefits, many authors have cited the “openness” of floor plans as a key
enabler of building adaptation (Schmidt III & Austin, 2016; Schneider & Till, 2005). The
logic is that buildings with large open spaces can be more easily adapted to new
purposes than buildings with small spaces bounded by densely placed walls. While
previous works have identified a positive link between openness and adaptability (Black
et al., 2018; Ross et al., 2016), methods for quantifying and measuring openness as a
contributor to adaptability are nonexistent. This chapter aims to fill that gap,
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specifically, to present the Areal Openness Model (AOM) for quantifying openness in the
context of adaptability.
Decisions regarding building adaptation can be complicated and multifaceted
(Baker, 2020). With the aim of advancing building adaptation and facilitating its benefits,
the AOM is presented as a tool for measuring one particular aspect of these decisions.
The AOM can be used by facility managers to evaluate openness of existing buildings, by
designers to compare openness of alternative plan layouts, and by researchers to
measure openness of case studies. The AOM was created with the intent of balancing
sufficient complexity to obtain meaningful results, simplicity to support ease of use, and
the ability to accommodate different situations. The AOM begins to answer the
question: When it comes to adaptable floor plans, how can openness be measured?
Background
Adaptability
The term adaptability, as used in this chapter, is defined as the ease with which a
building can be physically modified, deconstructed, refurbished, reconfigured,
expanded, and/or repurposed (Ross et al., 2016). Similar definitions are found
throughout the technical literature (Cowee & Schwehr, 2012; Schmidt III & Austin,
2016; Heidrich et al., 2017). This general definition of adaptability is used throughout
the current chapter except within the discussion of the SAGA method (Herthogs et al.,
2019) which is addressed in the “Configurational Models” section. Many different
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strategies have been reported for designing adaptable buildings (Heidrich et al., 2017).
Among these, open floor plans that are free of obstructions are commonly reported
(Schmidt III & Austin, 2016; Schneider & Till, 2005).
Openness
Openness is defined for this chapter as the lack of obstructions (walls, columns,
chases) that subdivide a floor plan. The interior of the Barnes Center (Figure 4.1) is a
visual demonstration of openness. The Barnes Center floor plan has few interior walls
and has relativity wide spacing of interior columns. The paragraphs below describe
terminology similar to openness that are used elsewhere in the literature. Additional
terms and concepts related to openness are also discussed in the subsequent section
“Visual Analysis Models.”

Figure 4.1: Barnes Center – Interior view (Photo by author)
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The term Open Building is used to denote a design philosophy that organizes
buildings along levels and layers that are separated by technical and decision-making
processes (Open Building in Practice, 2020). Open Building philosophy has its origin in
Habraken’s book Supports (1961), and the terminology came into use in the 1980s
through Professor van Randen’s research group at TU Delft (Delft Outlook 89.1, 1989).
Within this philosophy, “open” is the notion that a building’s design process, physical
features, and management allow occupants the freedom to adapt their spaces over
time according to their changing needs and wants.
Open Plan is another related term used in the design and construction industry.
Open Plan offices are characterized by the absence of interior walls and rooms and
gained popularity in the 1960s and 1970s (Gunn & Burroughs, 2020). They have
attracted attention in popular press (Dubner, 2018) and academic literature. Numerous
studies have been conducted to evaluate the satisfaction (Oldham & Brass, 1979),
productivity (Haynes, 2008), and collaboration (Bernstein & Turban, 2018) of workers in
Open Plan offices. These studies often compare data from Open Plan and other office
layouts; however, they have not considered the level of openness of the studied layouts.
Houses can also be designed having an Open Plan in which kitchen, dining, and living
spaces are not separated by walls (Case Design, 2012). In this chapter, the absence of
walls in Open Plan layouts corresponds to a high OS from the proposed model.
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Visual Analysis Models
Previous models and methods have been created to measure the visual
experience of occupants in architectural spaces. In addition to aiding the architectural
design process, these “Visual Analysis” models have been applied to evaluate the quality
of existing spaces (e.g. Acre & Wyckmans, 2015; Indraprastha & Shinozaki, 2012). Four
relevant Visual Analysis models are briefly discussed in the paragraphs below. Readers
having deeper interest in the origins of Visual Analysis are referred to the paper by Do
and Gross (1997).
Do and Gross (1997) created a simple Visual Analysis model to quantify an
occupant’s feeling of enclosure or “protectedness”. The level of protectedness is taken
as a function of the number of surrounding walls. A floor plan is discretized into
rectangular areas and each area is scored on a scale from completely open (0.0, no
bounding walls) to completely enclosed (1.0, bounding walls on four sides).
The Isoview model (Do, 1993) measures the degree of openness at discrete
locations within a floor plan. Openness in the Isoview model is defined as the “average
distance to the nearest surrounding walls.” Note that this definition is different from the
one used in the current chapter. Locations considered in Isoview calculations are based
on a grid that overlays the floor plan (Figure 4.2 left). Isoview results can be reported on
a coded floor plan (Figure 4.2 right).
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Figure 4.2: Isoview Model (Based on Do and Gross 1997), Left - Floor plan and Grid
Pattern, Right - Mapping of average distance to the nearest surrounding walls. Darker
colors indicate closer proximity to walls.
Fisher-Gewirtzman and Wanger (2003) created a 3D model for calculating Spatial
Openness (SO). SO is defined as the “volume of free space measured from all possible
observation points” and is similar to the Isovist concept proposed by Benedikt (1979). In
lay terms, SO can be thought of as how much of a room is visible from different
locations around the room. Empirical testing has demonstrated that SO correlates with
human perception of spatial density (Fisher-Gewirtzman, 2017).
The spatial quality model proposed by Indraprastha and Shinozaki (2012)
includes Visual Openness (VO) as a parameter. VO is a 2D construct that is calculated at
discrete points in a floor plan. The notion is that openings (e.g. windows) contribute to
spatial quality, and that the influence of openings varies from location to location in a
space. VO is a measure of this influence and is calculated as a function of proximity,
quantity, and size of openings. A given location that is close to large windows has high
VO.
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SO and VO have technical meanings based on their mathematical formulations;
however, their meanings are different from the basic definition of openness used in the
current chapter.
Graph Theory Models
Models based in Graph Theory have been applied by previous researchers to
evaluate the topology and relationships of areas in floor plans. A seminal work in this
domain is the Space Syntax approach by Hillier and Hanson (1989). In Graph Theory
models, the areas of a floor plan are represented by vertices (i.e. nodes) and
relationships between areas are represented by edges (i.e. lines) which connect the
vertices. The floor plan is typically subdivided into convex areas, wherein all points in an
area can be seen from all other points. In this sense many models based in Graph
Theory can be classified as Visual Analysis models; however, they are described
separately in the current chapter because their basis is unique from the strictly
geometry-based approaches discussed in the “Visual Analysis Models” section.
The Spatial Analysis of Generality and Adaptability (SAGA) method by Herthogs
et al. (2019, 2017) is one of two previous works that have used Graph Theory to study
the adaptability of floor plans. SAGA is used to calculate generality, a measure of a floor
plan layout’s capacity to support change passively. A layout with high generality can
support different building functions in its current condition. Another SAGA indicator is
adaptability, which measures a layout’s potential to support different building functions
through adaptation. In the SAGA method, adaptability is based on the adjacency of
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spaces in a floor plan and their potential to be connected through new doors and
openings. Thus, the adaptability indicator has a mathematical definition that is different
from the more general definition discussed in the “Adaptability” section of the current
chapter. In SAGA calculations, the ability to connect spaces is weighted according to the
permeability (ease of cutting a door or opening) of walls. For example, a light-framed
non-structural wall has greater permeability than a concrete structural wall. A floor plan
having many adjacent spaces that can be connected by easily cutting doors and
openings will have high adaptability in SAGA calculations. Herthogs et al. (2019) used
the SAGA method to evaluate six residential floor plans to demonstrate the method’s
utility for analyzing floor plan topologies.
Femenias & Geromel (2019) also used a Graph Theory approach in their study
which evaluated changes made to residential apartments in Sweden. Their sample
included 313 apartments which were constructed between 2001 and 2008. Floor plans
of 35% (110) of the sample had been altered. They researchers used graph theory to
map the original and altered floor plans to identify configurations that enable
adaptation. No single factor was observed that leads to an optimally adaptable floor
plan; however, it was observed that larger floor plans in their sample were more
commonly adapted. It was also observed that highly fragmented floor plans (i.e. many
rooms with few interconnections) were the most likely to be altered.
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Overview and Comparison of Areal Openness Model with Previous Models
Three different openness indicators are calculated using the AOM: Openness
Score (OS), Weighted Openness Score (WOS), and Openness Potential (OP). Each
indicator provides distinct information about a floor plan. OS is a measure of the lack of
obstructions that subdivide a floor plan. Walls, chases, columns, and other permanent
dividers are all considered obstructions. OS is inversely proportional to the areal density
of obstructions (Equation 4.1); a floor plan with densely spaced obstructions has a low
OS value. OS follows the general definition of openness as “the lack of restrictions or
accessibility” (Lexico, 2020). The second indicator, WOS, considers the areal density of
obstructions while also accounting for the difficulty of removing them. Low WOS values
occur in floor plans with densely spaced walls, difficult-to-remove walls, or both
(Equation 4.2). The third indicator, OP, is the difference between WOS and OS and is a
measure of a floor plan’s potential to become more open.

𝑂𝑆 ∝

1
𝐹𝑙𝑜𝑜𝑟𝑝𝑙𝑎𝑛 𝑎𝑟𝑒𝑎
∝
𝑎𝑟𝑒𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑜𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛𝑠 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑜𝑏𝑠𝑟𝑢𝑐𝑡𝑖𝑜𝑛𝑠

Equation 4.1

1
𝑎𝑟𝑒𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑜𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛𝑠 𝑥 𝑑𝑖𝑓𝑓𝑖𝑐𝑢𝑙𝑡𝑦 𝑜𝑓 𝑟𝑒𝑚𝑜𝑣𝑎𝑙

Equation 4.2

𝑊𝑂𝑆 ∝

Concepts from SAGA were informative during development of the AOM. In
reference to SAGA, the AOM also calculates properties that are associated with a floor
plan’s current status and with its potential for change. Just as generality in the SAGA
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method is a measure of the non-altered state of a floor plan, so too is OS in the AOM.
Adaptability in SAGA and WOS in the proposed model both measure the ability to
change by assigning weights to walls according to their permeability (analogous to how
difficult they are to remove). The Normalized Adaptability indicator in SAGA is
analogous to OP in the AOM; both measure the potential for improvement in a floor
plan. Despite the analogies between AOM and SAGA, they are based in different
mathematical approaches and quantify different aspects of a floor plan. SAGA uses
graph theory to study the configuration of spaces, whereas AOM uses basic arithmetic
and geometry to study the presence and impact of obstructions between spaces. Thus,
SAGA and AOM provide complementary approaches for studying floor plans and
adaptation.
The AOM goes beyond published Visual Analysis models in that it measures
openness as it relates to adaptability. Previous Visual Analysis models have been
presented to measure different types of floor plan “openness”; however, they are
different from the AOM in their scope and approach. Visual Analysis models quantify
aspects of what an occupant sees in a given space. Occupants only experience a space
from one location at a time, so measures in Visual Analysis models are made at discrete
locations within a floor plan. In contrast, the AOM is interested in openness from the
perspective of floor plan adaptation. Metrics in the AOM are at the scale of the entire
plan rather than at discrete locations.
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The novelty of the AOM is that it is the first to quantify openness as it related to
adaptability. Other authors have quantified types of “openness,” but not as it is used in
this paper as it relates to adaptability. Other aspects of adaptability have been
quantified using graph theory models, but openness is not one of those aspects. As
openness is often cited as a key enabler of adaptability, this model introduces a means
of quantitative assessment.
Development of Areal Openness Model
Openness Score
Recall that the qualitative definition of openness used in this chapter is the
absence of obstructions that divide a floor plan. This definition is quantitatively
represented in Equation 4.3, which is used to calculate the openness score, OS. The
form of this equation was selected so that floor plans with fewer obstructions have
higher OS.
𝑂𝑆 = 1 − 𝑂𝐵𝑆
Where:

Equation 4.3
𝑂𝑆 =
𝑂𝐵𝑆 =

Openness score
Obstruction score

The scale shown in Figure 4.3 is established for OS and OBS. Wall layouts shown
in the figure represent the areal density of walls associated with different scores;
however, they are not intended to represent any actual floor plan. At the “completely
open” end of the scale, a theoretical building with no interior or perimeter obstructions
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has an OBS of 0 and an OS of 1. As shown in Figure 4.3, a pavilion with columns at the
corners would approach a completely open plan. A “completely closed” floor plan is
defined as having an areal density of interior walls that is equivalent to walls spaced at
Bf (baseline spacing factor) in both directions. An OBS value greater than 1.0 occurs in
floor plans with a greater areal density of walls. In such cases OS has a negative value.

Figure 4.3: Scale for Openness Score (OS) and Obstruction Score (OBS). Solid Orange
Lines Denote Perimeter walls. Black lines denote interior walls.
The obstruction score is the equal to the normalized areal wall density. Derivation of an
equation for OBS begins with a basic definition of areal wall density:
𝐴𝑊𝐷 =

∑(𝐿𝐼𝑖 ) + 𝐿𝑃
𝐴

Where: 𝐴𝑊𝐷 =

Equation 4.4
Areal wall density

𝐿𝐼# =

Length of interior obstructions type 𝑖

𝑖=

Index value for wall type

𝐿𝑃 =

Total length of perimeter walls

𝐴=

Floor plan area
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Three simple floor plans that meet the definition of completely closed are shown
Table 4.1. Relevant variables and calculations are also presented. Each floor plan has
walls spaced at the baseline spacing factor. Thus, they all meet the definition of
completely closed; however, the calculated areal wall density decreases as the total
area of the floor plans gets larger. The size effect associated with Areal Wall Density
must be corrected so that each of the buildings receives an OS of zero. The correction is
shown in Equation 5.5, wherein the length of interior walls is factored by 2:

𝑎𝐴𝑊𝐷 =
Where:

2 ∑(𝐿𝐼𝑖 ) + 𝐿𝑃
𝐴
𝑎𝐴𝑊𝐷 =

Equation 4.5
Adjusted areal wall density

As shown in the Table 4.1 the adjusted areal wall density is constant for the
example floor plans. By factoring in the length of interior walls, the size effect in AWD
(Equation 4.4) is corrected. This adjustment is mathematically necessary to achieve
openness scores that align with the scale shown in Figure 4.3. Informally, the
adjustment can be thought of as a way to weight the walls according to the level of
obstruction that they provide to interior spaces. Interior walls obstruct from two sides,
while perimeter walls only obstruct from one side. In practical terms, the adjustment
has the effect of correcting the scores so that they are not a function of floor plan size.
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Table 4.1: Calculations and equations (eqn) for three "Completely Closed" buildings.
Solid orange lines denote perimeter walls. Black lines denote interior walls.

Floor
plan
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The obstruction score is calculated by multiplying the adjusted areal wall density by the
baseline spacing factor divided by 4:
𝑂𝐵𝑆 = %

Where:

𝐵!
𝐵! (2 ∑(𝐿𝐼𝑖 ) + 𝐿𝑃)
' 𝑎𝐴𝑊𝐷 = % '
4
4
𝐴

Equation 4.6

𝑂𝐵𝑆 =

Obstruction score (i.e. normalized areal wall density)

𝐵! =

Baseline spacing factor
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The purpose of the Bf /4 term is to normalize the obstruction score to the scale
shown in Figure 4.3. From the calculations in Table 4.1, it is observed that the adjusted
areal wall density is equal to 4/Bf when the walls are spaced at a distance equal to the
baseline spacing factor Bf (i.e. a completely closed floor plan). Thus, the result of
equation 4.6 is an obstruction score of 1.0 for a completely closed floor plan. When no
walls are present, then the adjusted areal wall density, and consequently the
obstruction score, is equal to 0.
Substituting Equation 4.6 into Equation 4.3 leads to Equation 4.7 for calculating
openness score:
𝑂𝑆 = 1 − U

𝐵& .2 ∑(𝐿𝐼𝑖 ) + 𝐿𝑃1
V
4
𝐴

Equation 4.7

A baseline spacing factor of 3m (10 ft) is used in this paper. This factor has a
normative effect as it establishes the adjusted areal wall density which defines the
completely closed condition. When selecting 3m for the baseline spacing factor, the
authors made a value judgement about what average room size should be associated
with a closed floor plan. In making this judgement, the authors considered that 3m is a
minimum plan dimension for many bedrooms (Femenias & Geromel, 2019) and offices
(GSA, 2012). The result is that floor plans having an openness score near zero have small
rooms. The chosen value for the baseline spacing factor also has a practical benefit as it
allows a convenient conversion between metric and US customary units since 3 meters
is approximately 10 feet.
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It is feasible for individual model users to establish their own definition of
completely closed. This is done through selection of the baseline spacing factor. The
equations will still work if an alternative factor is use; however, the results will not be
comparable to those presented in this paper. During the development of the AOM, the
authors considered other values for the baseline spacing factor. They observed that the
3m baseline led to a desirable degree of spread in the case study scores and that
baseline factors greater than 3m decreased the spread between the case studies.
Other building components such as columns and chases also obstruct the floor
plan and are considered when calculating the openness score. To evaluate the
obstruction value of a column or chase, it is assigned a length that is equal to its greatest
plan dimension. Thus a 0.3m (1ft) wide column has an obstruction length of 0.3m, which
is equivalent to a 0.3m long segment of wall. For a floor plan with ten 0.3m (1 ft) wide
interior columns, the total obstruction length of these columns is 10 x 0.3m (1ft), or 3m
(10ft). Columns and chases fully embedded in walls are ignored in the calculations
because their contributions to obstruction are already accounted for by the contribution
of the surrounding walls.
Door and window openings are not subtracted from the wall lengths in the AOM.
It is reasoned that doors and windows are part of walls that divide floor plan areas and
should thus be ignored in openness calculations. Similarly, if walls are removed
(addressed in the next section), then embedded doors and windows are removed with
them and contribute to the difficulty of removal.
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Weighted Openness Score
The Weighted Openness Score (WOS) is calculated by multiplying the obstruction
quantities by Removal Factors that represent the difficulty of removal. The form of the
equation for WOS is similar to that of Equation 4.7 for openness score, the only
differences being the inclusion of removal factors and the summation of weighted
obstruction lengths:
𝑊𝑂𝑆 = 1 − U
Where:

𝐵& [2 ∑(𝑅𝐹# 𝐿𝐼# ) + 𝐿𝑃]
V
4
𝐴

WOS =

Weighted Openness Score

𝑅𝐹# =

Removal factor of obstruction type i

Equation 4.8

Removal factors, RFi, are based on obstruction type, function, and material
(Table 4.2). As a starting point for determining removal factors, interior structural walls
were assigned a removal factor of 1.0. Removal factors for other obstructions were then
set according to the authors’ judgement of how difficult an obstruction would be to
remove relative to an interior structural wall. Interior light-frame partition walls were
judged to be 25% as difficult to remove as an interior bearing wall; hence, their removal
factor is 0.25. The removal factor for chase walls reflects the difficulty of removing
pipes, conduits, and ducts that are within the chase. Implicit in equation 4.8 is that
exterior walls are not weighted according to difficulty of removal. Hence WOS is
primarily a measure of a floor plan’s internal openness.
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Table 4.2: Removal Factors for different obstruction types and locations
Obstruction Type

Interior

Open

1
2

Removable Wall
Partition Wall (Light-frame)1
Partition Wall (Other-frame)2
Chase Wall
Fire Wall
Structural Wall
Columns

Removal Factor,
RF
0.00
0.10
0.25
0.50
0.75
0.75
1.00
10.0

Light-frame refers to metal and wood studs
Other-frame refers to brick, masonry, concrete, etc.

The removal factor for columns is based in the notion of tributary area, a
measure of how much floor or roof area is supported by a structural element. It is
reasoned that structural elements with large tributary areas, such as columns, are more
difficult to remove. Interior columns have a removal factor of 10.0. This implies that a
column having a 0.3m (1ft) plan dimension supports ten times the tributary area – and is
ten times more difficult to remove – than a 0.3m (1ft) segment of structural wall.
During development of the AOM, the authors evaluated the possibility of determining
column removal factors based on a more sophisticated evaluation of tributary areas.
However, the additional complication did not offer any value in terms of differentiating
the case study buildings. Setting the column removal factor at ten times that of an
equivalent length of structural wall provides a straightforward approach that is in
keeping with the intent that the AOM be simple to use while also providing meaningful

101

results. This approach also has a built-in mechanism for scaling the difficulty of
removing columns based on the amount of floor or roof they support. Columns that
support greater floor and roof areas (and consequently support greater structural loads)
tend to have larger plan dimensions. As a result, larger, heavily loaded columns will
have greater contribution to the WOS than smaller columns with lighter loads.
All interior columns, including those embedded in walls, are considered when
calculating WOS. Perimeter columns are not included in WOS calculations. This
approach favors structures that carry structural loads at the perimeter and is consistent
with previous works examining column placement and adaptability (Blok & Teuffel,
2019; (Leupen, 2006).
Model users may consider alternative removal factors to suit their value
judgements and circumstances. For example, a user may wish to distinguish masonry
walls based on thickness, thicker walls being more challenging to remove than thinner
walls. In this case they would assign higher Removal Factors to thicker walls. While the
model was created to allow the possibility of user-defined modifications, the scope of
the current work does not provide any guidance on the validity of alternative removal
factors. It is critical to note that any comparisons between WOS and OP must be based
on a consistent set of removal factors. Using alternate values will prevent direct
comparisons with the case study results presented in the current paper, which were
analyzed based on the removal factors in Table 4.2.
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Openness Potential
Openness Potential (OP) is the difference between the Weighted Openness Score
(WOS) and the Openness Scores (OS) and is a measure of a floor plan’s potential to
become more open:
𝑂𝑃 = 𝑊𝑂𝑆 − 𝑂𝑆 + 0.5
Where:

OP =

Openness Potential

0.5 =

Scaling adjustment constant

Equation 4.9

The OP score serves as a comparison of WOS and OS values; because these
values are not on the same scale, OP scores do not have inherent absolute meaning.
This means that OP scores are informative only when comparing the OP scores of
different buildings. The scaling adjustment factor of 0.5 served to shift the scale of OP
values upward so that negative OP values will not occur. The authors judged that
maintaining positive OP values would make it easier for users to compare OP values
between buildings.
Floor plans with many easy-to-remove walls have higher Openness Potential
because it would be relatively easy to increase their openness. In contrast, floor plans
with only a few bearing walls have lower Openness Potential. Such plans are already
open, and it would be difficult to remove the structural walls to increase openness.
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AOM Concepts and Nuances
Figure 4.4 shows OS, WOS, and OP for a variety of different floor plan layouts.
Layouts in the figure are intentionally simplistic in order to explain different concepts
and nuances of the AOM.
The AOM indicators focus on the interior openness of floor plans. Adaptability
and openness of a building’s perimeter is not considered, nor is the potential of
extending a floor plan’s footprint. As such, the model can be similarly applied to
isolated buildings and those with adjacent structures. Each of the buildings shown in
Figure 4.4 are isolated; however, because the indicators are based on interior openness,
their values would be the same even if there were adjacent structures.
Wall type (structural, light-frame, and others) has no effect on OS but does
impact the other indicators. By definition, OS is only concerned with the presence or
absence of walls in a plan layout and does not differentiate based on wall type. In
contrast, WOS (and consequently OP) is a function of wall type because some walls are
more difficult to remove than others. This can be observed by comparing buildings A
and B. Both buildings have the same area, length of walls, and OS. However, building A
has lower WOS than B because partition walls in the “other” category are more difficult
to remove than light-frame partition walls. Building B also has greater OP because the
light-frame walls are easier to remove, giving the floor plan greater potential to become
open.
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Figure 4.4: Openness scores for various floor layouts
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Wall type (structural, light-frame, and others) has no effect on OS but does
impact on the other indicators. By definition, OS is only concerned with the presence or
lack of walls in a plan layout and does not differentiate based on wall type. In contrast,
WSO (and consequently OP) is a function of wall type because some walls are more
difficult to remove than others. This can be observed by comparing buildings A and B.
Both buildings have the same area, length of walls, and OS. However, building A has
lower WOS than B because partition walls in the “other” category are more difficult to
remove than light-frame partition walls. Building B also has greater OP because the
light-frame walls are easier to remove, giving the floor plan greater potential to become
open.
Because the removal factor for structural walls is 1.0, a building having only
structural walls has the same value for OS and WOS. It also has an OP of 0.5. This is
illustrated by building C in the figure. As compared with other OP values in Figure 4.4, an
OP value of 0.5 is quite low, indicating that the obstructions are difficult to remove and
that it will be challenging to make the floor plan more open. The OP score does not
provide direct information on the current state of openness. However, referring to
Equation 4.9, a building with low OS is more likely to have high OP.
The AOM gives preference for carrying structural loads by columns – particularly
perimeter columns – instead of bearing walls. The effects of this approach can be
observed in buildings C, D, and E. WOS increases as the interior structure becomes
sparser and more of the structural load is supported at the perimeter. Buildings D and E
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have a higher WOS than OS, which give them OP scores of 0.46 and 0.48, respectively,
which are low compared to OP scores of the other example buildings. This means that
their floor plans have lower potential for becoming more open. This is because they
have few obstructions in their current state (high OS) and the obstructions that are
present are columns that are relatively difficult to remove.
When interpreting model results, it is critical to keep in mind that scores are
averages across a floor plan. Buildings A and F have identical scores because they have
the same areal density of walls. However, the placement of walls varies between the
buildings. In some situations, building F may be considered more adaptable than
building A because it has a large open area. To address this limitation of the model,
openness indicators can be augmented by additional metrics. Herthogs et al. (2017)
suggested that the adaptability of floor plans could also be evaluated by considering the
percentage of areas in a plan that exceed certain size thresholds. Such information
would help to differentiate buildings having similar openness indicators but different
uniformity of how obstructions are placed.
Floor plans with consistent areal wall density have the same value of OS. This
can be observed from buildings A, G, I and J. Each building has a different shape of
footprint, but they all have the same areal wall density and Openness Score. Values of
WOS vary by up to 4% between these buildings because they have different ratios of
interior-to-perimeter walls. Provided that the areal wall density and wall types are
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consistent, variation of WSO decreases as buildings become larger and the ratio of
interior-to-perimeter walls converges.
Floor plans with consistent areal wall density have the same value of OS. This
can be observed from buildings A, G, I and J. Each building has a different shape of
footprint, but they all have the same areal wall density and Openness Score. Values of
WOS vary by up to 4% between these buildings because they have different ratios of
interior-to-perimeter walls. Provided that the areal wall density and wall types are
consistent, variation of WOS decreases as buildings become larger and the ratio of
interior-to-perimeter walls converges.
It is possible for scores to be negative. This occurs for the OS when the walls are
spaced closer than the baseline spacing. This is demonstrated by Building H in Figure
4.4, which has a negative OS because the walls are spaced closer together than the
baseline of 3m (10 ft).
Building H also has a negative WOS value. Recall that WOS is a composite
indicator based on the areal density of walls and the difficulty of removal (Equation 4.2).
The areal density of walls in building H leads to the negative WOS value. Building H also
has the highest OP of the example buildings. Because there are many walls that are
relatively easy to remove, building H has a high potential to become more open
compared to the other buildings.
OP values for buildings D and E are low compared to those of the other examples
in Figure 4.4, meaning that they have lower potential to become more open. This is
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because they have few obstructions – only a few columns – in their current state and
because the columns are relatively difficult to remove.
Demonstration of Model
Selection and Summary of Case Studies
The AOM is demonstrated using six case study buildings. Three of the case study
buildings were adapted (Figure 4.5), and the other three were demolished (Figure 4.6).
Case studies were identified as part of a more extensive study (NSF, 2016) and
were selected using the following criteria:
§

Case study buildings are all from Clemson University (CU) and Western Carolina
University (WCU). Universities tend to have a long-term interest in the outcome and
use of their building stock. Both CU ad WCU are rural campuses that currently have
many ongoing construction projects.

§

Openness (or lack thereof) influenced the decision to demolish or adapt. This was
determined by speaking with facility managers at CU and WCU.

§

Building plans were accessible, legible, and sufficiently detailed. This is a practical
requirement as plans are necessary to conduct the calculations.

§

The main floor or a representative floor was used for analysis.

The plan layouts show the pre-adapted condition7 for both figures.

7

Photos of the Barnes Center and Dillard Building were taken by the author. Photo of Clemson House used
with permission from Clemson University (Front View of Clemson House, 1997). The photo of Brown Hall, Graham
Infirmary addition, and Natural Science Building is used with permission from Western Carolina University (Western
Carolina University, n.d.).
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Figure 4.5: Summaries of adapted case study buildings
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Figure 4.6: Summaries of demolished case study buildings
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Example Calculations
Calculations for the Barnes Center (Figure 4.5) are summarized in Table 4.3. The
floor plan of the Barnes Center has a footprint of 386 m2 (4150 ft2). The interior has
30.3m (99 ft) of light-framed interior partition walls and 5.6m (19 ft) of structural walls.
Columns have plan dimensions of 0.15m x 0.15m (6 in x 6 in). Six of the columns are
outside of walls, resulting in a total length of 0.9m (3ft), while four are inside walls and
have a total length of 0.6m (2ft). Recall that columns embedded in walls are not
included in calculations of OS, but that all columns are included in WOS calculations.
Thus columns are separated into two categories in Table 4.3. Once the footprint area
and obstruction lengths are identified, then equations 4.7, 4.8, and 4.9 are used to
calculate OS, WOS, and OP, respectively.
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Table 4.3: Openness inputs and calculated values for Barnes Center

Calculated Values

Inputs

Item

Value

Area (A)
Length Removable Wall
Length Partition Wall (Light-frame)
Length Partition Wall (Other-frame)
Length Chase Wall

4150 ft2 (386 m2)
0 ft (0 m)
0 ft (0 m)
99ft (30.3 m)
0 ft (0 m)

Length Fire Wall
Length Structural Wall
Equivalent length of columns not in
walls
Equivalent length of columns in
walls
Length of Interior Obstructions, LIi
Length of Perimeter, LP
2∑(LIi) + LP
2∑(RFj LIi) + LP
Adjusted areal wall density, aAWD
Obstruction score, OBS

0 ft (0 m)
19 ft (5.6 m)
6 x 0.5 ft = 3 ft
(6 x 0.15 m = 0.9 m)
4 x 0.5 ft = 2 ft
(4 x 0.15 m = 0.6 m)
121 ft (36.8 m)
296 ft (90.2 m)
537 ft (163.8 m)*
531 ft (161.8 m)**
0.13
0.32
0.68
0.68
0.00

Openness score, OS
Weighted openness score, WOS
Openness potential, OP
*Used to calculate OS. LIi value does not include columns embedded in walls
** Used to calculate WOS. LIi value includes columns embedded in walls

Results and Discussion
Case Studies
Results for the case study buildings are presented in Figure 4.7. These results are
based on the pre-adapted/demolished floor plans of the buildings. Each of the adapted
buildings have greater OS and WOS than the demolished buildings. On average, OS and
WOS are 0.47 and 0.25 points higher, respectively, for the adapted buildings. Facility
managers, with knowledge of the case study buildings, indicated that presence or lack of
openness contributed to the decisions to adapt or demolish. Thus, the model results
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agree with the real-world outcomes – adaptation or demolition – of the case studies.
Higher OS and WOS values correspond to adaptation and lower values correspond to
demolition.

Openness Score (OS)
Weighted Openness Score (WOS)
Openness Potential (OP)

Figure 4.7: Results from case study buildings
Agreement between model results and real-world outcomes is encouraging but
not surprising; each of the adapted buildings had floor plans with generally wide-open
spaces, while the layouts of the demolished building were more subdivided.
Furthermore, agreement between the model and case studies does not mean these
model results can be generally applied to predict or decide if a building will or should be
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adapted or demolished. While floor plan openness contributed to the demolish/adapt
decision in each of the case studies, the facility managers indicated that the decisions
were multifaceted. As such, the AOM is presented as a tool for addressing just one
factor of demolish/adapt decisions.
Results for OP are lower or equal for each of the adapted buildings than they are
for the demolished buildings. The adapted buildings had an average OP of 0.52. This
result is attributed to the fact that they had floor plans with fewer obstructions (i.e. high
openness) and thus had lower potential for improvement. Though the authors’ intuition
suggested that a higher OP would increase a building’s chance of being adapted, these
case studies showed that is not always the case. Clemson House, discussed in the next
paragraph, had the largest OP (1.00) meaning that it had plenty of potential for
improved openness. However, it was demolished. This further demonstrated that a
high OP does not necessarily indicate that a building will be adapted.
It is instructive to discuss the reasons that Clemson House had unique results
amongst the case studies. The low OS value of -0.04 is due to the closely spaced walls
which formed the small dormitory and hotel rooms. The negative OS value means that
areal wall density is greater than the density associated with the completely closed
definition (Figure 4.3). The WOS value of 0.46 is a function of the structural system and
the high areal wall density. The Clemson House structure was primarily supported by
perimeter and interior columns. The removal score reflects the beneficial aspects of
supporting loads with perimeter columns and the negative impact of having large areal
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density of walls. The high OP value (relative to the other projects) is indicative of the
light-framed obstructions that could have been easily removed to increase the floor
plan’s openness. Despite this, Clemson House was still demolished.
How open is an adaptable floor plan? For the case study buildings, the answer to
this question is that adaptable floor plans have OS and WOS values greater than or
equal to 0.68. Floor plans with OS equal to or less than 0.44 and WOS equal to or less
than 0.60 were demolished instead of adapted. These results, while encouraging, are
based on a small data set of university campus buildings and are not representative of
any general building stock. At present, it can be said that the AOM is sufficient for
making high-level relative comparisons. Absolute comparisons of openness, and the
conditions associated with absolute comparisons, will require additional data and
research.
Potential Applications and Future Work
A few potential applications of the AOM are mentioned. For stakeholders
interested in the openness of an inventory of buildings, the model may be useful as a
screening tool to quickly compare the inventory's floor plans. Rather than hiring design
professionals to evaluate each building in an inventory, information from the AOM can
be used to screen buildings for more detailed analysis regarding potential
adaptations/demolitions. This could result in potential efficiency as professionals’ time
and effort are spent evaluating fewer buildings. The AOM may also have value for
designers during the schematic design phase for new buildings. Designers can use the
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model to evaluate alternatives with respect to adaptability. Finally, the model may be
useful to researchers who study the relationship between openness and adaptability of
buildings. While these applications are mentioned as possible uses of the AOM,
additional work is recommended to realize these possibilities.
Four future research areas are recommended. First, future research should
benchmark openness indicators for different floor plan functions, construction types,
and building typologies. This would aide designers in comparing the openness of their
designs to “typical” floor plans in similar buildings. Second, research comparing
openness indicators to cost data from building adaptation projects is recommended.
With additional data, it may be possible to correlate OS and WOS with the cost of
adapting floor plans. Third, interpretation of OP should be explored. Case studies with
the highest potential for increased openness, as measured by OP, were still demolished.
Future research could evaluate case studies wherein the ease of making a floor plan
more open was a factor in decision making. Fourth, and most critically, more research is
needed to go beyond the proof-of-concept stage that was presented in this paper.
Validating the AOM and evaluating general or conditional applicability will require larger
datasets and additional analyses.
Summary and Conclusions
A quantitative Areal Openness Model (AOM) was described and demonstrated
for measuring the openness of floor plans. Three indicators were calculated using the
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AOM. Openness Score (OS) is a measure of the absence of obstructions (walls, chases,
columns) that separate areas in a floor plan. Weighted Openness Score (WOS) measures
the quantity of obstructions and the difficulty of removing them. Openness Potential
(OP) measures the potential of a floor plan to become more open. The indicators can be
readily calculated using a spreadsheet and information from building plans. The AOM is
the first method to quantify the openness of floor plans in the context of adaptability.
The model was compared to six case study buildings, three of which were adapted and
three of which were demolished. The case studies were intentionally selected because
openness – or lack thereof – was a contributing factor in the decision to adapt or
demolish. The model results were consistent with the real-world outcomes of the case
study buildings. The average OS and WOS scores for the adapted buildings were 0.70
and 0.72, respectively, compared to 0.23 and 0.47 for the demolished buildings. These
results are encouraging, but additional research is required to evaluate the general or
conditional validity and applicability of the model.
The openness of floor plans is often cited as a strategy for designing adaptable
buildings. However, there is a lack of any quantitative methods for measuring openness
as a contributor to adaptability. The AOM proposed in this paper moves toward filling
that gap by providing a means of quantitatively measuring openness as it relates to
adaptability. The AOM can be used by facility managers and designers to evaluate the
openness of existing and proposed buildings, and by researchers to measure the
openness of case study buildings. The model also serves as a starting point for further
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studies into quantifying openness in the context of adaptability. In this manner, the
model is an important step toward answering the question: When it comes to an
adaptable floor plan, how can openness be measured?
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STATISTICAL EVALUATION OF FACTORS ASSOCIATED WITH BUILDING
ADAPTATION AND DEMOLITION OUTCOMES
Abstract
Purpose
The purpose of the chapter is to statistically evaluate historical/sentimental
status (HS), building condition (BC), and design-based adaptability (DBA) are associated
with building adaptation and demolition outcomes. The null-hypothesis that HS, BC, or
DBA are not significant predictors for the demolition and adaptation outcome of
projects.
Approach
A quantitative assessment of demolished and adapted buildings was conducted
using logistic regression model with data collected from 88 demolished or adapted
buildings.
Findings
Based on the dataset, there appears to be a positive relationship between each
of the variables, HS, BC, and DBA and adaptation outcome, but the only statistically
significant relationship between adaptation outcomes is with historical/sentimental
status (HS).
Originality/Value
DBA, BC, and HS have been reported as impacting adaptation and demolition
outcomes. This research measured the degree of that impact.
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Introduction
The objective of this chapter is to measure the relationship (if any) between
historical/sentimental status (HS), building condition (BC), and design-based adaptability
(DBA) of buildings and their adaptation or demolition outcomes. The null-hypothesis is
that HS, BC, or DBA are not significant predictors for the demolition and adaptation
outcome of projects (𝜌<0.01).
A quantitative assessment of demolished and adapted buildings was conducted
using a logistic regression model. Data were collected from "Natural Experiments" of 88
buildings that were either adapted or demolished.
The drivers behind adaptation and demolition outcomes have been topics of
increasing interest in the literature (Heidrich et al., 2017). Many buildings are
demolished prematurely, meaning they were demolished before they have reached the
end of their useable service life. When compared with adaptive reuse of existing
buildings, demolition and rebuilding often requires much more energy and resources
(Assefa & Ambler, 2017; Gálvez-Martos et al., 2018; US EPA, 2016). Thus, many
researchers have investigated the causes behind these outcomes in order to determine
how to make new building designs more likely to be adapted in the future (e.g. Baker,
2020; Baker et al., 2017; Geraedts, 2016; Wilkinson et al., 2014). Further discussion of
the motivations behind adaptability research can be found in Chapter 2.
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Of particular interest in this chapter is the question of whether physical features
of a building (as measured by DBA8) have impact on the adaptation or demolition
outcomes. DBA denotes of the contributions of the building design to adaptability.
DBA does not consider if the design decisions were intentionally made with regard to
adaptability. Chapter 3 has shown that many of the features which are considered in
DBA facilitate adaptation. While these features may make it easier to adapt a building,
this does not necessarily mean that they impact the decision to adapt or demolish a
building. If they do, then a strong case can be made for intentionally designing
adaptable buildings. If they do not, then the limitations of design can be determined,
and other more critical aspects involved in adaptation/demolition outcomes can be
highlighted.
Background
Previous Works
The approach used in this study to quantify adaptability has some elements in
common with previous studies. Blok and Teuffel (2019) assessed 60 buildings (of which
40 were adapted and 20 were demolished) based on certain building design parameters
to determine the effect on building lifespan and adaptation/demolition outcomes. Like
the current study, Blok and Teuffel scored buildings based on adaptability indicators and
then compared score results to see which indicators were correlated with adaptations.

8

Design-based Adaptability (DBA) in this chapter although it means the same thing is calculated
differently than DBA in equation 2.2 of the LBF of Chapter 2 by Ross (2017).
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Unlike the current study, however, they used a multiple regression model to evaluate
correlations with adaptation; the current study uses a logistic regression model. Another
point of difference is that their dataset consisted of buildings only from the Netherlands,
whereas the current study includes buildings that are primarily from North America. The
Block and Teuffel study concluded that technical [designed] properties of a building
influenced the lifespan of the buildings in their dataset. Buildings with adaptable
features tended to be older at the time of demolition. Blok and Teuffel acknowledged
that the study was limited by the small dataset and recommended expanded datasets
for future study. Due to the limitations, the study is best considered as preliminary. The
current chapter is distinct from Block and Teuffel as it included the historical aspect and
building condition at the time of the decision, and in addition, used a more diverse set
of buildings from the United States, Australia, and the United Kingdom. Finally, the
current study also used a logistic regression model which is considered more
appropriate for modeling the binary outcomes of demolition and adaptation.
Another study by Baker et al. (2017) investigated adaptation/demolition
decision-making with an emphasis on political, social, and economic incentives. This
study looked at five case study buildings that were either adapted or demolished, and
used qualitative information to evaluate the accuracy of two existing adaptability
measurement tools: the Transformation Meter (Geraedts & Van der Voordt, 2007) and
the IconCUR model (Langston & Smith, 2012). The authors concluded that the tools
were generally accurate but underestimated the importance of nontechnical aspects
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such as heritage value. Based on technical aspects alone, the tools sometimes indicated
a “demolition” outcome while a building was adapted in reality. Baker et al.’s study used
qualitative methods to judge the adaptation quality of buildings, while the current study
used quantitative methods to measure aspects of adaptability in buildings. In this way,
the two works are complementary. The current chapter provides quantitative
evaluations to the question implied in Baker et al.’s study, namely, the relative
importance of technical aspects (such as design and condition) and nontechnical aspects
(such as heritage value) to adaptability.
The Transformation Meter and IconCUR model considered in Baker’s study were
also instrumental in selecting the three independent variables used in the current study;
this is discussed in the following sections. The current chapter evaluated historical or
sentimental status, building condition, and design features, and how they affect the
future adaptability of the building in question. Further discussion of adaptability
literature in general can be found in Chapter 2.
HS: Historical/Sentimental Status
Historical status (or heritage value) and public sentiment are frequently listed in
the literature as important influences on adaptation/demolition decision-making (Baker
et al., 2017; Schneider & Till, 2005; Wilkinson et al., 2014). Heritage value is also
included either as a distinct variable in adaptability measurement tools or as part of a
"social" or "political" variable (Conejos et al., 2013; Langston et al., 2013). The first
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independent variable in this study, HS, represents the historical status of a building or
the sentimental value the community places on the building.
Buildings that are judged by governing bodies to be historically significant are
often given an official historical designation. This designation frequently comes with
regulations and restrictions on the types of alterations that can be performed on the
buildings and can also impose restrictions on demolishing these buildings; however,
these regulations vary widely between countries and regions (Baker, 2020). Public
sentiment is also included in this variable; though a building may have no official historic
designation, public sentiment and attachment can nonetheless have some influence on
whether a building is adapted or demolished (Baker, 2020; Wilkinson et al., 2014). A
building that has a tie to a significant person, event, time period, or architectural style
may also influence the decision to adapt or demolish (Jewhurst, 2020) or even the type
of project that it may undergo if adaptation is selected (U.S Department of Interior
National Park Service, n.d.).
In Baker (2020), stakeholders such as contractors, designers, owners, and
community members were interviewed about the drivers behind adaptation/demolition
decision-making. The interviewers cited not only official historic designation but also
community sentiment as a potential driver behind adaptation decisions. The quote
below summarizes the opinion of some of the interviewees about the importance of
public sentiment:
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"What is becoming increasingly important in the last couple of years, is
communal value, there is even an element of buildings that might not have a lot
of historical or aesthetic aspects but have gained an importance to a group of
people." (Baker, 2020)
According to Historic England (Conservation Areas | Historic England, n.d.)
unlisted (that is, not historically designated) buildings can benefit from being located in
conservation areas (that is, designated historic districts):
"Conservation area designation introduces a general control over the demolition
of unlisted buildings and provides a basis for planning policies whose objective is
to conserve all aspects of character or appearance…"
BC: Building Condition
The second independent variable, BC (building condition), refers to the physical,
functional, and relative condition of the building. Physical condition refers to the
material quality and state of maintenance. Functional condition refers to the building's
ability to operate at the capacity or capability for which the building is intended or
desired. Relative condition compares the building to the quality and code compliance of
new construction, measuring how well a building adheres to current building codes and
how it compares to current quality standards. BC in this chapter is distinct from the
concept of "condition" in Chapter 3 in that it also includes a functional and relative
condition of the building.
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For this research, all of a building’s pertinent layers were considered when
evaluating physical, functional, and relative condition. The building layers were sorted
into four parameters which were used to evaluate condition: structure/foundation,
exterior walls/roof, MEP/energy efficiency, and appearance. Condition scores were
determined for each of these and were then aggregated to calculate the value of BC,
which expressed the building’s overall condition score. Since Brand's seminal work on
building layering, How Buildings Learn (1994), it has become standard in adaptability
studies to categorize and evaluate buildings as an interrelated set of layers (e.g., Blok &
Teuffel, 2019; Ross, 2017; Geraedts, 2016).
DBA: Design-Based Adaptability
The third independent variable, DBA (design-based adaptability), encompassed
design features of the original buildings that could potentially encourage or inhibit
adaptation. Chapter 3 provides a more in-depth discussion of design-based adaptability
(or design for adaptability, DfA) principles and background. The term "design-based
adaptability" is used to denote those aspects of adaptability that are a function of
design decisions. DBA does not differentiate based on the intentionality of the designer
with regards to adaptability. Such a differentiation is not even possible for the given
data.
The value for the DBA variable was calculated based on several parameters,
which were selected based on the author's literature review, and were further
supported by informal conversations with design professionals, contractors, and other
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stakeholders. The eight parameters are listed with descriptions and references in Table
5.1. The references are not comprehensive, but demonstrate a few of the works
wherein the parameters or similar concepts were discussed.
Table 5.1: DBA parameters with descriptions and references
Parameter
Floor-to-floor height

Description
Larger floor-to-floor heights are cited as
making adaptation more feasible (easier
to install new HVAC, etc.).

Typical structural
spacing

Increased space between structural
elements make a space more open and
thus flexible to different usages.
Special usages such as auditoriums or
large classrooms require large structural
spacings.

Maximum structural
spacing
Interior structure type

Structural elements within the floor plan
are cited as introducing barriers to
flexibility and adaptation. Bearing walls
take up more space than columns and
limit flexibility.

Exterior structure type

The exteriors of buildings with exterior
bearing walls cannot be altered as much
as exteriors of buildings without exterior
bearing walls.
Overdesign in the structure is frequently
cited as an advantage to adaptation since
a building can be used for a higher-load
occupancy than it was previously used
for.
Orthogonal structural grids are simpler
and more uniform; thus, such floor plans
are easier to adapt to new uses.
Uniformity between building levels
simplifies the design, thus making
adaptation easier.

Design live load

Orthogonal grids
Stacking floor plates
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Methodology
Data Collection
The data for this study are made up of the Demolition and Adaptation Database
(DaAD) dataset and the “Online” dataset. The projects represented in the combined
data are from diverse building types as depicted in Figure 5.1. The “other” category
shown in the figures includes buildings with healthcare, library, theater, and storage
occupancies.

Figure 5.1: Percentage of buildings types represented in the combined data
The two sources and the process of collecting the data are described further in
the following sections.
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Demolition and Adaptation Database (DaAD)
Data collection was conducted via a data entry website specific for the DaAD.
Recruitment for participation in the DaAD data collection was done via emails to known
interested participants identified in the research for Chapter 3 and various sources for
projects across the United States (US), Australia, and the United Kingdom. Workshops
on adaptability were conducted in Australia and multiple locations in the US, during
which practitioners provided data for the study. Projects that were strictly cosmetic or
only involved maintenance upgrades were not included in the data collection. Data
collection is still ongoing as part of the NSF Research Grant number 1553565. At the
time of this writing, 41 projects have been completely entered into the DaAD. For more
detailed information concerning the development and implementation of the DaAD, see
Appendix B. The individual questions used for the logistic regression model are
addressed in Appendix D.
Online dataset
Undergraduate research assistants were engaged to collect data for the Online
dataset and are referred to as research assistants (RAs) in this chapter. The RAs
collected and entered specified information about each building using a purpose-made
Google Form. Data from each building were independently confirmed by a
knowledgeable member of the research team. Data for the adaptation or demolition of
52 buildings were collected by the RAs primarily from internet news sources. One of the
most useful online sources for finding subject buildings was Emporis (EMPORIS, n.d.).
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Emporis also provided some basic data (e.g., building height) and photos of some
buildings. The Google form can be found in Appendix C and contains 21 inputs. Inputs
included whether the building was adapted or demolished, description of the project
location, historic or heritage designation, condition of the building, and details about
the structural system. The data inputs were designed to align with similar data in the
DaAD. Guidelines to assist the RAs in determining the appropriate inputs are provided in
Appendix C.
The Online dataset was inevitably less detailed and precise than the DaAD
dataset. This is due to the nature of the available data; for example, building photos are
not as precise as building plans, and data collection relied on internet sources rather
than direct information from knowledgeable practitioners. For instance, column spacing
in the Online dataset was entered as a range rather than a precise number, as it was in
the DaAD. While this resulted in the Online dataset being less precise it still contains
information that is essential and relevant to the analyses. The two datasets were
compared and are discussed further in the results section of this chapter.
Scoring Independent Variables
The three independent variables that were investigated in the data analysis (HS,
BC, and DBA) had to be expressed as numerical scores for each project. A scale was
established for each variable ranging from 0 to 1. A score of 0 indicated the worst
quality of the variable, and a score of 1 indicated the best quality. Where “worst” means
the variable was assumed to be the outcome of demolition, and “best” means it was
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assumed to be the outcome of adaptation. The scores were determined based on
answers to applicable questions in the DaAD and the Online entry form. The variables
BC and DBA were comprised of multiple parameters, which were scored separately and
then aggregated to obtain a single score for each independent variable. The data were
sorted and scores were calculated in a spreadsheet. The following sections go into some
detail about how the scores were obtained.
HS: Historical/Sentimental Status
The HS score was calculated based on answers to multiple-choice questions. The
scores ranged from 0 to 1, with 0 indicating no historical or sentimental value, and 1.0
indicating the highest historical or sentimental value. If the project had an official
historical designation, the project was assigned a score of 1.0. This is because an official
designation places restrictions on the demolition of the building, making an adaptation
outcome more likely (Baker, 2020; Sara J. Wilkinson et al., 2014). If a building did not
have an official designation, but was in a cultural conservation neighborhood, the
project received a score of 0.5, a middle score. Though such a building would not have
the restrictions associated with official designation, it was reasoned that being located
in a cultural conservation area would encourage adaptation (Baker, 2020); thus, the
middle score was given, rather than a penalizing low score of 0.0. Likewise, if the data
indicated that there was significant positive public sentiment toward the building, the
project received a middle score of 0.5. Even without any official historic designation or
proximity to a historical neighborhood, strong public sentiment can be influential in
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determining whether a building is adapted or demolished (Baker, 2020). Buildings were
given an HS score of 0.0 if they did not have an official historical designation, if they
were not in a cultural conservation area, and if there was not an indication of positive
public sentiment. The middle score of 0.5 is an arbitrary mid-range score and may or
may not reflect the relative impact of public sentiment and location within a historic
neighborhood. In absence of a more detailed knowledge on how to best score the “in
between” conditions, the value of 0.5 was chosen because it is halfway between 0 and
1. Future research is recommended to represent various designations and levels of
historic value and sentiment. For example different values could be used for a specific
country related to historic or sentimental value of a building and its surrounding
designations.
Age at time of a building’s demolition or adaptation outcomes is an easily
quantifiable metric and consideration was given to using age as a parameter in the
logistic model. The decision was made, however to exclude age as a variable because it
is already implicitly addressed in the HS and BC variables. Furthermore, HS and BC are
more direct ways than age of measuring the drivers of adaptation/demolition. For
example, old buildings may be more likely to have historic designation, however the
more direct approach was taken and historic designation was explicitly considered in
the analysis of this chapter.
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BC: Building Condition
The value of the independent variable BC (building condition) was calculated
according to Equation 5.1. BC is a weighted average of the scores for four condition
parameters. Each parameter is associated with a building layer or layers, or a physical
aspect of a building. The parameter scores, Pi, were obtained from the information or
responses to questions in the datasets; thus, each project had unique Pi values. The
parameter weights, Wi, were constant for all projects. The four parameters are shown in
Table 5.2. with their respective weightings. (Discussion about how these four
parameters were selected can be found in the Background section of this chapter.)
𝐵𝐶 = ∑𝑃# 𝑊#
Where:

Equation 5.1
𝐵𝐶 = Building condition score
𝑃# = Parameter score
𝑊# = Parameter weight

Table 5.2: Parameter weights for building condition
Parameter Name
Structure/foundation
Exterior walls/roof
MEP/energy efficiency
Appearance

Parameter
Score
P1
P2
P3
P4

Weight
W1 = 0.45
W2 = 0.18
W3 = 0.18
W4 = 0.18

The weight assigned to each parameter is a measure of its perceived importance
to adaptation and demolition outcomes. These weightings were based on literature
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review, surveys of building professionals about factors that affect the ease of adaptation
(Black et al., 2018; Chapter 3); and the maintenance intervals per Brand’s concept of
layering in Figure 5.2 (further discussed in Chapter 2). As can be seen in Table 5.2, the
parameters Exterior walls/roof, MEP/energy efficiency, and appearance were all
weighted equally at 0.18, while Structure/foundation was weighted at 0.45, giving it 2.5
times more weight than any of the other three variables.

Figure 5.2: Maintenance intervals for building layers (after Brand, 1994).
Figure 5.2 shows Brand's layers along with the replacement interval of each and
was one of the ideas that was considered when selecting the parameter weights for BC
calculations (Brand, 1994). According to Brand, different building layers age and are
replaced or modified at different rates, and thus, layers must be separate and accessible
so that one can be changed while leaving the others intact. Layers with longer
replacement intervals, like Brand's "structure" at 30 to 300 years, are designed to have
long service lives. The parameter weights reflect this observation. The condition of the
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structure and foundation of a building is assumed to be more critical than the condition
of the envelope, services, or appearance; serious structural issues can make a building
completely uninhabitable, and structural upgrades are costly and can be difficult. Poor
condition in a system that is frequently replaced is considered less likely to affect
demolition than a system that is less frequently replaced. Put more simply, fixing a bad
paint job is easier than fixing a damaged foundation, so appearance has a lower weight
then structure/foundation.
The replacement intervals in Figure 5.2 do vary slightly from Exterior walls/roof
(skin) at 20 years , MEP/energy efficiency (Services) at 7-15 years, and appearance at
(space plan and stuff) at 3-30 years, but were given equal weight because the maximum
frequency of replacement years were around 15 to 30 years. Although MEP/energy
efficiency was a slightly tighter replacement interval, the ductwork, conduit, and piping
of a mechanical, electrical, and plumbing systems would not be replaced as often as
more replaceable components within those systems.
Data associated with condition of structure/foundation, exterior walls/roof,
MEP/energy efficiency, and appearance were typically multiple-choice responses, and
answers were assigned scores corresponding to a 0 to 1 scale, with 0 being the worst
condition and 1 being the best condition. Several data points were associated with each
parameter, and thus, several different scores were obtained. For structure/foundation,
MEP/energy efficiency, and appearance, the final parameter score was taken as the
lowest score out of all the data points, to represent the fact that a serious problem with
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any of the data points would warrant a low score for the parameter, even if other data
points scored higher. In the case of exterior walls/roof, there were two data points that
pertained to walls and roof separately, so the final parameter score was calculated as a
weighted average of the two data points. Exterior walls were weighted twice as much as
the roof because roofing typically has on average a 20-30 year replacement cycle, and it
is updated about twice as frequently and more easily than exterior walls (Cowee &
Schwehr, 2012; Duffy, 1990).
Similarly as in the HS values, the age of the building is also indirectly (and in a
few cases for the online dataset directly) in the BC scores. The age of the building may
be related to condition but not directly so. For example, it is possible that an old
building could have been well-maintained and updated, and its different parameters
(layers) were in good physical, function, or relative condition at the time of adaptation
or demolition.
The datasets included separate information on plumbing and HVAC, so the
parameter MEP/energy efficiency could have different scores for each of these systems.
These datapoints and scores assigned to each response are shown in Table 5.3. The
parameter score (Pi in Equation 5.1) for MEP/energy efficiency was then calculated as
the lowest of the scores from each question shown in the table. Full details on
determining scores for the parameters are available in Appendix D.
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Table 5.3: MEP/energy efficiency condition questions selected from DaAD, with answer
options and corresponding scores (0 = poorest condition, 1 = best condition)
No.

Question Text

Answer Choices

Score

D-2-22
P-3-22
M-6-19

Demo projects only:
To what degree did [the
following] motivate or
necessitate demolition:
Too expensive to
upgrade/maintain building
systems (plumbing, HVAC,
electrical, elevators)
Adapt projects only:
To what degree [was] the
following [adaptation] made:
Upgrade/replacement of building
services (plumbing, HVAC,
electrical, elevators)

Primary motivator / reason

0

Contributing motivator / reason

0.3

Non-factor / does not apply

0.7

Don't know

1.01*

Significant - greater than 80%

0

Moderate - greater than 20%

0.3

Minor - less than 20%

0.7

Not changed / does not apply

1

Don't know

1.01*

A-2-11
D-2-13
P-3-13
M-6-11
M-10-11
M-6-19

To what degree did [lack of
energy efficiency] motivate or
necessitate adaptation [or
demolition]?

Primary motivator / reason

0

Contributing motivator / reason

0.3

Non-factor / does not apply

0.7

Ser-1

How did the pre-adaptation
energy use compare to a
similarly-sized typical newlyconstructed building in the same
neighborhood?

Don't know
More efficient than new building

1.01*
1

Approximately the same as new building

1

Less efficient than new building

0.8

Don't know

1.01*

A-5-3
M-9-3

* "Don't know" responses were assigned a score of 1.01 to aid in identifying project entries with
unacceptably frequent "don't know" responses.

DBA: Design-Based Adaptability
Equation 5.2 was used to calculate the independent variable DBA (design-based
adaptability). It has the same form as Equation 5.1, which was used to calculate BC. As in
Equation 5.1, the parameter scores, Pi, were obtained from the data, and the parameter
weights, Wi, were set by the researchers. Thus, DBA is a weighted average of the scores
for the eight DBA parameters, which are shown in Table 5.4 with their respective
weightings. (Discussion about how these eight parameters were selected can be found
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in the Background section of this chapter.) These weightings were chosen and
confirmed based on literature review, surveys of building professionals about factors
that affect the ease of adaptation (Black et al., 2018; Chapter 3).
Equation 5.2

𝐷𝐵𝐴 = ∑𝑃# 𝑊#
Where:

𝐷𝐵𝐴 = Design-based adaptability score
𝑃# = Parameter score
𝑊# = Parameter weight

Table 5.4: DBA Parameters and their Importance weighting
Parameter Name
Floor-to-floor height
Typical structural spacing
Maximum structural spacing
Interior structure type
Exterior structure type
Design live load
Orthogonal grids
Stacking floor plates

Parameter
Score
P1
P2
P3
P4
P5
P6
P7
P8

Weight
W1 = 0.24
W2 = 0.17
W3 = 0.10
W4 = 0.12
W5 = 0.05
W6 = 0.19
W7 = 0.07
W8 = 0.07

Observing the weightings in Table 5.4, one can note that the highest weighted
parameter is floor-to-floor height, followed by design live load, typical structural
spacing, interior structure type, maximum structural spacing, orthogonal grids and
stacking floor plates, and lastly, exterior structure type. The weighting values of these
parameters are in general agreement with results from Chapter 3 of this dissertation;
there, the four design features that were most often cited as being influential to
adaptability were "Reserve" (corresponding to design live load), "Materials," "Open"
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(part of typical structural spacing and interior structure type), and "Floor-to-floor
height." The adaptability measurement tool FLEX 4.0 (Geraedts 2016) considered floorto-floor height and typical structural spacing to be the most important design features
to adaptability. The tool also considered exterior structure type to be less significant
than interior structure type, which is consistent with the weightings in Table 5.4.
However, FLEX 4.0 considered surplus structural capacity to be among the least
important design features, in contrast with the current study and other sources (Black et
al., 2018; Ross et al., 2016). Based on these sources and the author's experience, design
live load was judged to be among the most important design features.
The scoring scale for DBA went from 0 to 1, with 0 associated with low
adaptability and 1 being associated with high adaptability. The scores for each of the
parameters were based on information from the DaAD and the Online datasets. Data
came from multiple-choice responses, numerical inputs, and choose-all-that-apply
responses.
The following is an example of a parameter that was scored via numerical inputs.
Floor-to-floor height data was recorded as a numeric value in the datasets and was
converted to a parameter score using a formula for assigning 0 to 1 scores based on the
numerical answers. This formula is shown graphically in Figure 5.2 and is based on
McFarland et al.’s model (2020). The concept behind McFarland’s approach is that larger
values of floor-to-floor height have diminishing impact on adaptability as they increase.
This concept was developed and validated through workshops with design practitioners.
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According to this formula represented in Figure 5.2, if the user were to input a value of
12 ft, then the parameter score for floor-to-floor height would be 0.5. Full details on
determining scores for the parameters are available in Appendix C.
1.0
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Figure 5.3: DBA scores for floor-to-floor height (after McFarland et al., 2020).
Results and Discussion
Model Overview
A model for the probability of adaptation was created using logistic regression
with the three independent variables of historical/sentimental status (HS), building
condition (BC), and design-based adaptability (DBA). The equation of the model with
probability of event being the outcome of adaptation is shown:
𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝐸𝑣𝑒𝑛𝑡 =

𝑒 ()# *)$ +,*)% )-*)& .)/)
1 + 𝑒 ()# *)$ +,*)% )-*)& .)/)

Equation 5.3

Values for the intercept, B0, and coefficients, B1, B2, and B3 are listed in Table 5.5 and
were determined using IBM SPSS Statistics Version 26.
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Table 5.5: Intercepts and coefficients for probability of adaptation model
Constant
B0
B1
B2
B3

Value
-0.077
1.749
0.947
0.670

A few preliminary observations can be made regarding the values of the
coefficients. Coefficients B1, B2, and B3 in Table 5.5 have positive values, which means
that the model considers that an increase in HS, BC, or DBA will increase the likelihood
that a building will be adapted. However, the coefficient values for HS, BC, and DBA are
different, indicating that each independent variable impacts the probability of
adaptation to a different degree.
Because HS, BC, and DBA were measured on a scale of 0 to 1, the coefficient
values, B1, B2, and B3, are used to compare the relative impact in the logistic regression
model. B1 is the highest value, indicating that HS has the highest impact on the model
outcome. B3 is the smallest, indicating that DBA is the least impactful variable. B2 is in
the middle and indicates that the impact of BC is between HS and DBA. These
observations are based on the way the 0 to 1 scale parameters were determined for this
study. Using different scales for any or all of the parameters would change the relative
comparisons. The relative impact of HS, BC, and DBA is statistically and graphically
discussed below.
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Statistical results
A logistic regression analysis was conducted on adaptation and demolition as
outcomes of the dataset projects and the three predictors: HS, BC, and DBA. Included in
the model were the main effects, three two-way interactions and the three-way
interaction. The test of the model with all predictors was only significant for HS,
historical value and public sentiment. Along with the logistic regression coefficients
discussed in Table 5.5 (B1, B2, and B3), their significance, corresponding odds ratios, and
confidence interval for the odds ratios are reported in Table 5.6 for variables HS, BC,
DBA, respectively and the interactions.
In Table 5.6, B is the slope or regression coefficient. SE B is the standard error of
B. Delta chi squared is the significance test or the change in chi square due to the effect.
R2L (R squared based on log likelihood) is equal to 0.06 for HS. This is the effect size
analogous to the effect size in multiple regression (percent reduction in error) but for
logistic regression. The Odds Ratio of HS is equal to 5.75 and is the logit form of B,
where at B of HS is 1.75 and the Odds Ratio is Exp(1.75). The confidence interval for
odds ratio for HS on the lower end is greater than 1 at 1.64 to the higher range of
24.90. HS is statistically significant with 𝜌=0.006<0.01. All of the other values for the
remaining predictors are also shown in Table 5.6 but were not statistically significant.
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Table 5.6: Logistic regression results (results shown centered on means)
95% CI for Odds
Ratio

Odds
Ratio

Lower

Upper

---

---

---

Sig.
𝜌

B

SE B

∆X2

Constant
HS

0.24
0.66

---

0.006

-0.08
1.75

7.59

0.06

5.75

1.64

22.81

BC

0.399

0.95

1.13

0.71

0.01

2.58

0.28

24.90

DBA
HS*BC
HS*DBA
BC*DBA
HS*BC*DBA

0.693
0.419
0.736
0.851
0.834

0.67 1.70
-2.50 3.12
-1.58 4.70
1.17 6.23
3.69 17.60

0.16
0.65
0.11
0.04
0.04

0.00
0.01
0.00
0.00
0.00

1.95
0.08
0.21
3.22
39.85

0.07
0.00
1.59E-05
1.39E-05
6.32E-14

57.92
34.64
2,164.62
1.01E+06
2.85E+17

Predictor

R2L

Following recommendations by Cohen et al (2013), unusual cases or outliers
were examined using Cook’s D (influence assessment of each individual project) and
Standardized Deviance Residuals. There was no clear evidence of outliers. The
interactions between each were also compared using logistic regression and no
significance were evident.
Based on the results of the statistical analyses, there is strong evidence that
historic listing and sentimental status (HS) impact demolition and adaptation outcomes.
While the model indicates a positive trend between demolition/adaptation outcomes
and the other variables (BC, DBA), these relationships are not statically significant.
Graphical comparison of model and HS, BC, and DBA
The statistical results that were presented in the previous section are presented
here in graphical form. The model is compared with the experimental data in three
graphs, one for each HS, BC, and DBA. The graphs provide an additional means of
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interpreting the model results. The graph for HS is shown in Figure 5.3. On the vertical
axis is the probability of adaptation, and the individual data points are for each of the
projects in the DaAD and Online datasets. The horizontal axis shows the mean center
values of the independent variable. A bin probability is also shown; it was calculated as
the center of the bin on the x-axis and ratio of the number of adapted projects to the
total number of projects on the y-axis. For example, in Figure 5.3 (HS) the bin probability
for Bin 1 (lowest HS) is 32% because 14 of 44 projects in that bin were adapted.
The slope of the bin probability line is an indicator of the significance of the
independent variable. The change in probability of adaptation when a project increases
from not historic (bin 1) to historical location or sentimental status (bin 2) is 28%.
Similarly, the change in probability of adaptation when a project is historic (bin 3) also
increases another 17%. The probabilities from the model are also presented in the
Figure 5.3. As expected, the bin analysis confirms the result from the model, specifically
that historical/sentimental status has an impact on the likelihood of adaptation.
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Figure 5.4: Probability of adaptation and bin probability graphs for HS
Although the building condition (BC) is not statistically significant, the model and
data results are shown in Figure 5.4 to help with interpretation of this result. Going from
left to right on the graph, 36% of the buildings with the poorest conditions in bin 1 were
adapted, 55% in bin 2 were adapted, and 53% in bin 3 – those with the best condition –
were adapted. Thus increasing from poor to middle condition led to an increase in
adaptation outcomes, but increasing from middle to high condition did not. A possible
explanation is that buildings only need to be in “good-enough” condition to be suitable
for adaptation. However, this is a very preliminary observation that needs to be
established with more data. Consistent with the statistical results which identified HS as
the only statistically significant variable, the change in probability across the BC variable
(18%) from bin 1 to bin 3 is less than the change observed for HS (42%).
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Figure 5.5: Probability of adaptation and bin probability graphs for BC
Similar to BC, statistical analysis showed that DBA was not significant; nevertheless, the
model results and data are shown to help with interpretation of the results. As shown
from the bin probability line in Figure 5.5, the probability of adaptation increases as the
value of DBA increases. The greatest increase in bin probability is between bins 1 and 2,
with an over 30% increase. The percent increase tapers off at a slight 5% increase
between bins 2 and 3. As was observed with BC, the probability of adaptation does not
increase as rapidly with high values of DBA. This observation – while very preliminary –
may indicate that high levels of DBA have similar impact on adaptation outcomes as
mid-level DBA.
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Figure 5.6: Probability of adaptation and bin probability graphs for DBA
Comparison between datasets (DaAD and Online Dataset)
The differences in the data source, DaAD and Online Dataset, were analyzed to
determine percent of correct predictions and average model error. In Table 5.7, the
DaAD yielded 73% correct responses, meaning that the model result agreed with the
real-world adapt/demolish outcome. The Online dataset resulted in 60% correct
responses. The average error of the model for the dataset was similar with the DaAD
source data resulting in an average error that was only 0.03 less than the error for the
online source data. The improved accuracy for the DaAD source data is likely attributed
to the more detailed quality of information. That said, the model was 10% better than a
coin-flip (i.e. random chance, 50%) at predicting outcomes of the online data.
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Table 5.7: Differences in source data analysis
DaAD
Online Dataset

Total
Projects
40
47

# of Correct
Predictions
29
28

%
Average
Correct
Error
73
0.42
60
0.45

In addition, HS was also tested controlling or holding constant the differences in
the sources of data as a variable, DaAD and Online dataset. The effect of HS holding
constant at the mean was still statistically significant with 𝜌=0.001<0.01 (even smaller
then with the overall model). This test confirmed the observed effect of HS was not due
to the sources of the data. Thus the conclusion of statistical significance for HS is not
tied to a given data source.
Preliminary Artificial neural network (ANN)
Artificial neural network (ANN) was conducted to further explore the data. This
exploration was a “what if” exercise that was conducted to evaluate this methodology
for follow-up research. ANNs are surrogate models with layers of neurons and weights
to train and predict outcomes by “inductive learning” (Luger & Stubblefield, 1989). This
exercise was conducted with the goal of exploring this methodology as a tool for future
research. The ANN included 18,900 sets of unique models for each training. These were
created to determine if it could accurately predict the outcome of adaptation or
demolition for the buildings in the datasets.
The ANN included 189 architectures with 3 layers, with 0 to 7 neurons per layer.
Each architecture were was repeated 100 times with different random initial weights.
The ANN sets resulted in the output of 18,900 different predicted answers for each test
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building. The test buildings for these sets came from the 41 projects in the DaAD and
were used for testing the accuracy of the predictions against the actual adaptation or
demolition outcome (Visotsky et al., 2017). K-fold testing was performed to test the
sensitivity of the architecture. The results are presented as a probability distribution
function in Figure 4.6. The average of the probability distribution function is rounded to
0 or 1 (Patel et al., 2017). The ANN predicted the correct outcome of adaptation 67% of
the time, which is better than random; however, it cannot be said if this is better or
worse than a subjective human. The prediction accuracy does suggest that ANN has
potential for extending the current research on factors impacting demolition and
adaptation outcomes.
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Figure 5.7: Sample histogram from ANN showing red dashed line (prediction) and black
dash line (average mean), with the listed project numbers (PR) from the DaAD.
Preliminary Statistical Evaluation with Openness Score
In chapter 4 the Areal Openness Model (AOM) was developed and was used to
evaluate openness of six case study projects. This section presents a preliminary
evaluation of the relationship between Openness Score (OS), a metric in the AOM, and
adaptation/demolition outcomes. The basic setup of the exploration was similar to the
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regression analyses presented in “Model Overview” section of this chapter. Variables in
the analysis include X1 (HS), X2 (BC), and X3 (DBA or HS).
A multinomial logistic regression tool within “Real Statistics Resource Pack”
(Real Statistics Resource Pack | Real Statistics Using Excel, n.d.) for Microsoft Excel was
utilized to run the regression analysis. The number of iterations in the regression tool
was set to 15. The preliminary evaluation used 14 case study projects, including the six
projects from Chapter 4. Seven projects had demolished outcomes and seven had
adaptation outcomes. These projects were selected because drawings were available
for each of these in order to determine the openness score. The model was created
considering DBA as X3 and was then repeated using OS as X3 instead of DBA. Table 5.8
provides details of both models.
Table 5.8: Results preliminary evaluation with Openness Score (OS)

B0
B1
B2
B3
% Accurate
Average Error

Model with Model with
DBA for X3
OS for X3
-9.20
-71.84
5.75
0.73
11.02
35.97
10.40
118.21
86%
100%
0.208
4.6E-07

For both models, X1 = HS and X2 = BC

For the given data, the model was more accurate when OS was used in lieu of
DBA. The model considering DBA accurately predicted the correct outcome in 12 of 14
cases (86%) and the model considering OS predicted the correct outcome in 14 of 14
cases (100%). The average error for the DBA and OS models were from 0.208 to 4.6E-6,
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respectively. Thus, for the given dataset OS was a better predictor of outcomes than
was DBA.
The dataset of 14 projects is small and is not representative of any specific
collection of buildings; therefore no general conclusion can be drawn. For the given 14
buildings, the OS value was a stronger predictor of adaptation than DBA. However,
additional data are needed to determine the general or conditional applicability of OS as
a predictor of adaptation.
Future Work
A main goal for future research should be to collect more data in order to
continue the validation of existing models and further the development of new models.
Also, the projects in the dataset represent a rather generic collection of buildings; one
possible option is to narrow in on a certain type of building or occupancy type to see if
any particular subset of buildings yields different results. This would aid in determining
how generalizable or conditional this model is.
There are many future opportunities with the research using ANN. The research
team could run the network without any weightings in order to let the ANN determine
the weighting for each of the building condition (BC) and design-based adaptability
(DBA) parameters. This would enable the analysis of new trends within the scores of
each variable, may also identify correlations between HS, BC and DBA that were not
observed in the current study. Further research and future analysis of the data using
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ANN would be beneficial in determining a more streamlined model to account for both
BC and DBA rather than HS alone.
Once a more streamlined model is developed, another future potential research
would be analyzing the cost for some of the DBA parameters (i.e. cost per square foot
per additional floor to floor height added in the design). Not only should the initial cost
be evaluated but the life cycle cost of the building utilizing these strategies should be
evaluated as potentially spending more initial cost for design and construction upfront
could potentially reduce the life cycle cost of the building (Wilkinson et al., 2014).
The promising preliminary results using the OS instead of DBA is an opportunity
for future research. With more project examples that have available layout plans to
determine the OS, the strategy of openness can be further validated as a viable option
for adaptability.
Summary and Conclusion
The objective of this chapter was to measure the relationship (if any) between
historical or sentimental status (HS), building condition (BC), design-based adaptability
(DBA) of buildings, and their adaptation or demolition outcomes. A quantitative
assessment of demolished and adapted buildings was conducted using a logistic
regression model.
Based on the given datasets and analyses, conclusions are as follows:
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§

There was a positive relationship between each of the variables (HS, BC, and DBA)
and the probability of adaptation. This is evident from the regression coefficients,
which were 1.749, 0.947, 0.670 for HS, BC, and DBA respectively.
Historical/sentimental status (HS) had the highest coefficient and strongest
relationship to the probability of an adaptation outcome.

§

The strength of the relationship between the variables and adaptation outcomes
was observed to decrease as the variables’ scores increase. For example, the
percentage of adapted buildings increased by 28% between those buildings with low
and middle HS. The percentage increased 17% between middle and high HS. Similar
trends were observed for BC and DBA.

§

Historical/sentimental status (HS) provided a significant indicator of the outcome to
adapt or demolish, 𝜌=0.006<0.01. Even though a positive trend was observed
between adaptation and building condition (BC) and design-based adaptability
(DBA), the trends were not statistically.
Given the dataset in this research, there appears to be a relationship between

each variable and the outcome of adaptation or demolition, but the only statistically
significant relationship between adaptation outcomes is with historical/sentimental
status. The practical implication is that designing buildings to be adaptable (i.e. DBA in
this study) appears to be related to achieving adaptation outcomes as indicated in other
literature, but the trend cannot be statistically confirmed with the current available
project datasets.
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CONCLUSION
The first objective of this dissertation, presented in Chapter 3, asks the question,
“Do empirical data from real-world projects align with the Design for Adaptability (DfA)
strategies in the literature?” It is determined from the thematic analysis that theoretical
strategies and empirical data align and specifically, seven strategies were identified as
facilitating adaptation:
§

Reserve strength or capacity

§

Quality materials

§

Floorplan openness

§

Floor to floor height minimums

§

Simple or simplicity of the building design

§

Layers with services or various systems that are separate from other building layers

§

Accurate plans or records

Those seven strategies are recommended to owners and architecture design firms in
the initial design for future needs and the potential for adaption of their buildings.
Other strategies may also be effective in promoting adaptability, but the research in this
dissertation does not provide an insight on their impact or lack thereof.
The objective addressed in chapter 4 is the creation and demonstration of an
Areal Openness Model (AOM) for quantifying openness in the context of adaptability.
Openness is one of the strategies identified in the first objective of this dissertation. The
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concept of open is discussed in various literature, but there is no clear answer to “how
open is open.” The AOM model describes and demonstrates how to measure the
openness of floor plans. This model can be useful as a screening tool to quickly compare
floor plans for adaptation decision making. In the future, with more research, it is a
potentially helpful tool for owners to evaluate alternatives for adaption in existing
buildings to include portfolio management, real estate development, and asset
planning.
The third and last objective evaluates the relationship (between historical or
sentimental status (HS), building condition (BC), design-based adaptability (DBA) of
buildings, and their adaptation or demolition outcomes. The null-hypothesis that HS,
BC, or DBA were not significant predictors for the demolition and adaptation outcome
of projects. The results show that historical or sentimental status is statistically
significant (𝜌=0.006<0.01) in the adaptation outcome of the projects in the dataset.
Thus, the null is rejected for HS. The study also identifies positive trends for both BC
and DBA as potentially influencing the decision to adapt or demolish (18% and 28%
increase, respectively), however the results are not statistically significant
(𝜌=0.399>0.01 and 𝜌=0.693>0.01, respectively). While thematic analysis in Chapter 3
identifies many design strategies that contribute to adaptability (i.e. make buildings
easier to adapt), the logistic regression analysis in chapter 5 is unable to demonstrate
that buildings’ initial design influences adapt or demolish outcomes. Despite those
results, future research for determining which specific design-based adaptability
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features are more favorable to implement for a new building is potential research next
step, as is expanding the available data for addressing this issue.
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APPENDIX B AN INTRODUCTION TO THE INTERNATIONAL DEMOLITION
AND ADAPTATION DATABASE (DAAD)9
Abstract
This appendix provides an overview of the International Demolition and
Adaptation Database (DaAD) and the web tool for entering data into the DaAD. The
DaAD is created as part of a National Science Foundation (NSF) project. Each entry in
the database is a unique demolition and/or adaptation building project. Data items for
each project include context (setting) features and physical features. The web tool for
entering data went live in January 2018. As of this chapter, projects for the database
are actively being collected. The long-term goal is that the DaAD will be an open
resource for scholars and professionals who study building adaptation. This chapter
provides information on how to participate in data collection and a brief overview of the
DaAD entry web tool.
B.1. Introduction
The Demolition and Adaptation Database (DaAD) is being created through a
project funded by the National Science Foundation (NSF) in the United States titled,
Quantifying the Adaptability of Building Structures, Envelopes, and Foundations(NSF,

9

The work in this appendix section was accepted and presented at the SEB-18: Doctoral Track
submission at the Sustainability in Energy and Buildings 2018 Gold Coast, Australia by KES International.
The authors are Zoraya R. Rockow, Brandon E. Ross, and Anna K. Black (Becker).
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2016). The first task of the project is to create and compile an international database of
completed adaptation and demolition projects.
The Learning Buildings Research Group (LBRG) at Clemson University invites
participation in the creation of a first-of-its-kind worldwide Demolition and Adaptation
Database (DaAD). The DaAD is being created as an open resource for academics and
professionals and will provide a new ledge for understanding, modeling, and facilitating
building adaptation.
The work for this NSF project and the DaAD is based on the underlying philosophy
that adaptability is the essential characteristic of sustainable, resilient, and relevant
buildings (NSF, 2016). Buildings that can be readily adapted will continually satisfy the
dynamic physical and functional demands of modern society; static, non-adapting
buildings will soon become deficient and obsolete.
Through previous literature review a general need for empirical data to study
building adaptation was noted (Heidrich et al., 2017). The DaAD will fill this gap as the
first-of-its-kind database. The overarching goal is to create a comprehensive bank of
projects which can be used to broadly study the correlations and causes of building
adaptation and demolition. Tools and models can be validated and refined using the
data. These tools and models can then be utilized to design new buildings to be more
adaptable and to better quantify the adaptability of existing buildings.
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B.2. Database Development
Data items in the DaAD were determined through a literature review and
through consultation with an international panel of scholars and practitioners. A partial
bibliography of the reviewed literature is listed in Table B.1. Panel members had
expertise in architecture, engineering (structural, enclosure/envelope, geotechnical,
mechanical, and electrical), building surveying, and project management. Panel
members were engaged through questionnaires and interviews, and served as beta
testers for the data entry web tool.
Table B.1: Partial Bibliography for the DaAD
Citation

Author(s)

(Duffy, 1990)

Duffy

(Brand, 1994)

Brand

(Sara J. Wilkinson et al.,
2014a)
(Schmidt III & Austin,
2016)
(Jennifer O’Connor et
al., 2013)

Wilkinson et al.
Schmidt III and
Austin
O’Conner

Relevance
Discussion of how building layers age and can be
replaced at different rates
Seminal book on the topic of changes over a
building’s life cycle
Drivers and barriers for adaptation decision-making
models
Textbook describing many contributors to
adaptability
Paper reporting the factors contributing to building
demolition
Paper describing the types of building obsolescence
and a model for adaptive reuse potential
Paper listing “design-based enablers” contributing to
adaptability

(Langston et al., 2008)

Langston et al.

(Ross et al., 2016)

Ross et al.

(Geraedts, 2008)

Geraedts

Paper with a model for quantifying adaptability

(Council, 1993)

National Research
Council

Book listing strategies for minimizing obsolescence

(Slaughter, 2001)

Slaughter

(Conejos et al., 2013)

Conejos

Paper with design strategies to increase building
adaptability
Paper describing a model for measuring adaptability
(AdaptSTAR)
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B.3. Data Entry Web Tool
When first accessing the DaAD, participants are prompted to create an account.
Each user can enter multiple projects, and each project entry need not be completed in
one sitting. Partially completed entries can be saved once an entire page is completed;
the remainder of the entry can then be completed at the users’ convenience. For each
new project entry, the project type is chosen from the four options shown in Figure B.1:
Adaptation Project, Demolition Project, Section/Wing Demolition Project or Mixed
Adaptation/Demolition Project.

Figure B.1: New project entry and project types screen shot
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The questions are divided into pages, which can be seen in the tabs at the top of
Figure B.2. All four projects types begin with a “Basic” page that requests information
such as city of the project, a description of the project scope, and basic information
about the original building (floor area, usage, number of stories, etc.). Then, each
project has a page about the adaptation and/or demolition project itself. These are
called “Adaptation,” “Demolition,” “Partial,” and “Mixed” as is appropriate. The
“Adaptation” page for a project is shown in Figure B.2. The remaining pages request
information about the building before the adaptation and/or demolition work. These
questions are divided by building systems, into five pages: “Space Plan,” “Envelope,”
“Services,” ‘Structural,” and “General” (with “General” containing questions not tied to
a specific building system). Mixed adaptation projects are unique in that the user must
answer questions about the building systems twice: once for the adapted portion of the
building, and once for the demolished portion of the building (Figure B.2). The “Basic”
and “Mixed” pages need be completed only once for the project entry.

Figure B.2: Likert-scale question under adaptation project
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Question types used in the tool include multiple choice (Table B.3), check-all-that-apply,
Likert scale (Table B.2) numerical free response, and textual free response. Some
questions are simple, requiring one input, and some are more detailed, such as the
question in Table B.2 that involves using a Likert scale to rate multiple criteria in a list.
The total number of questions for each project type is as follows: for adaptation, 135;
for demolition, 129; for section/wing demolition, 130; and for mixed
adaptation/demolition, 246.

Figure B.3: Multiple-choice question under mixed adaptation/demolition project
B.4.0 Get Involved!
Participation in data collection will help to unlock the economic, social, and
environmental benefits of adaptable buildings.
Target Participants. We seek participation from anyone having knowledge of specific
building demolition or adaptation projects, including:
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§

Building owners/managers,

§

Architects,

§

Engineers,

§

Developers,

§

Contractors,

§

Project managers, and

§

Public officials.
Those having knowledge of projects involving adaptation of portions of a

building and complete demolition of other portions of the same building are especially
encouraged to participate.
Participant Activities. You can participate by entering one or more projects into the
DaAD. The previously described web tool is provided to guide and streamline data
entry. Entering a project takes approximately 1 to 1.5 hours; data entry need not be
finished in one sitting. To participate you will need:
§

Access to pre-demolition/adaptation building plans,

§

Basic information on the motivation for the demolition/adaptation,

§

Basic information on the technical features of the pre-demolished/ adapted building,
and

§

Basic information on the community surrounding the building.

Participant Benefits. In addition to the significant indirect benefits arising from this
research endeavor, participants may also receive:
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§

Acknowledgement on the LBRG website,

§

Access to a no-cost professional development course, and

§

Access to research updates and materials from the LBRG.

B.5. Long-term plan for database
The DaAD will be made available to interested parties after the NSF project that
is funding the database creation is complete. Those seeking use of the data should
email the project team (authors of this dissertation) to make a request. The shared data
will be “scrubbed” to remove information that would allow identification of specific
buildings and contributors to the database.
As the question to adapt or demolish is asked, the intent is to have empirical
data of building adaptation and demolition to inform decision makers. In addition,
practitioners and scholars can utilize the data to evaluate the correlations and causes of
adaptation and demolition of buildings and ultimately design future buildings to be
more adaptable.
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APPENDIX C DATA COLLECTION METHODOLOGY FOR CHAPTER 5 ONLINE
DATASET
This appendix provides more detailed information for the research in chapter 5
that describes methodology on obtaining answers to the survey questions from the
Online dataset. The DaAD data collection process is described further in Appendix B.
As described in Chapter 5 data for the adaptation or demolition of 52 buildings in
the so-called “Online dataset” were collected by the research assistants (Ras) primarily
from internet news sources. One of the most useful online sources for finding subject
buildings was Emporis (EMPORIS, n.d.). Emporis also provided some basic data (e.g.,
building height) and photos of some buildings. Information about each building was
entered into a purpose-made Google Form. In a few cases a building was adapted and
later demolished, and was recorded using two entry forms, one for its adaptation and
one for its demolition. The methodology with which data items were obtained for the
online dataset is illustrated using the example of the Desmond Building in Los Angeles,
California (Figure C.1).
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Figure C.1: Desmond Building in Los Angeles, CA (Palo, 2018).
The list of the general data items about the building included: "Project Name,"
"Location of the project," "Year of original construction if reported," "Estimated year of
original construction if not reported," and "Were any hazardous materials mentioned?"
Most information about the Desmond Building used within this study was found
in "Historic Desmond Building—A Case Study of an Integrated Retrofit" by M. Sarkisian
et al. (2017). The abstract of the paper contained the building's name (the Desmond
Building), the original year of construction (1919), and its location (Los Angeles,
California). If the year of original construction could not be found, there was a separate
entry was provided for an estimate; however, this was not relevant in the case of the
Desmond Building and was, therefore, left blank. Also, hazardous materials were not
mentioned in any of the sources.
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Below are prompts used to collect basic information about the adaptation or
demolition of the building:
§

"Year demo/adaptation started"

§

"What type best describes the project?" (Answer options listed below)

§

o

"Demolition"

o

"Adaptation - occupancy change"

o

"Adaptation - same occupancy"

"What type best describes the project?" (Answer options listed below)
o

"Demolition"

o

"Vertical Addition"

o

"Lateral Addition"

o

"Vertical and Lateral Addition"

o

"No additional space added"

o

"Other"

The year of adaptation was not included in the paper, so the RA performed a
Google search and found the answer, 2015, in an article in Downtown LA News (Angeles,
n.d.). The next two questions concerned the nature of the project: whether the building
was adapted or demolished, if the occupancy changed in the event of an adaptation,
and if there were additions to the building's footprint in the case of an adaptation. In
the case of the Desmond Building, the abstract of Sarkisian et al.'s paper stated that
"after the renovation, the original 75,000 sf five-story warehouse was transformed into
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high quality, creative office space with a 7000 sf sixth story addition." Thus the RAs
knew that the building was adapted, that the occupancy changed, and that there was a
vertical addition included in the scope of the adaptation. If this information had not
been directly stated in any of the sources used, the answers would have had to be
estimated based on any available photos or plans of the building. Photos for buildings in
the dataset were obtained from a web search. When sufficient evidence was not
available to answer the prompts, the building was excluded from the dataset.
C.1 Heritage Value
The following prompts addressed heritage value: "Was there any heritage value
mentioned?" (Answer options listed below)
§

"Yes, official designation"

§

"Yes, public sentiment but no official designation"

§

"No, no sentiment or designation"
The Desmond Building was not nationally registered as a historic building.

However, Sarkisian et al. 's paper described it as a "historic property," so it was
determined that there was a general sentiment which classified the building as
historical, but without an official designation. If any kind of "historic" character was
mentioned in an article about a building, the "yes, public sentiment" option was
selected. If the building was on the National Register of Historic Places, the "yes, official
designation" should be selected. Otherwise, there was no relevant historic value.

173

C.2 Structural Strength of Original Building Design
This next series of prompts required a general assessment of the building's
structural strength, based on the building's occupancy: "Which category best fits the
building prior to demolition/adaptation?" (Answer options listed below.)
§

"High: Library, museum, prison, monument building, or otherwise high-level of
structural design"

§

"Medium: Default category, non-fit top or low"

§

"Low: Agricultural, or otherwise low-level of structural design criteria"
Since the Desmond Building was not a monument, library, museum, or prison,

and it was not noted to have a typical level of structural design, the RAs assumed that it
fits the "medium" default category. This prompt was used a surrogate for estimating the
design live load of the building.
C.3 Dimensions of Original Building
The prompts below addressed dimensions of the building's original design:
§

"How many stories does the building have?"

§

"What is the typical story height?"

§

"What is the typical spacing of structural walls/columns?"

§

"What is the maximum spacing of structural walls/columns?"

§

"What percent of the footprint is within 12 feet of an exterior wall?"
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Sarkisian et al. 's paper stated that there were 6 stories, with a typical height of
13 ft for all but the first story, which was 17 ft. The first story could be ignored for this
question, as the question was concerned with the typical story. If the story height had
not been stated, the RAs would have had to estimate it using images of the buildings. In
cases like this, the RAs had to identify an object in an image, estimate its height, and use
this to estimate the story height.
The next prompts concerned the typical and maximum spacing of structural
walls or columns. This could be difficult if plans were not available; if this was the case,
spacing was estimated in a similar way to the story height. Because of the imprecision of
estimating spacings from photos, responds to the prompt were given in ranges (i.e. 15 ft
to 25 ft). Similar methods were used to estimate the percent of the footprint within 12
feet of an exterior wall. For the Desmond Building, it was clear from the structural plan
in the Sarkisian paper that the spacing was consistently 20 ft.
C.4 Structural Type and Layout
The prompts below addressed the structure type of the original building and the
layout of the structure and the floor plan.
§

"Description of interior structure" (Answer options listed below.)
o

"No structure in interior"

o

"Columns"

o

"Bearing Walls (excluding stairwells and other core walls)"
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o

§

§

"Mixture"

"Description of structure at exterior of building" (Answer options listed below.)
o

"No structure at exterior"

o

"Columns"

o

"Bearing Walls"

o

"Mixture"

"Are different stories indistinguishable (excluding first floor)?" (Answer options
listed below.)

§

o

"Yes, they are effectively the same"

o

"No, some variation"

o

"No, lots of variation"

"Is the building layout orthogonal?" (Answer options listed below.)
o

"Yes, exactly"

o

"No, some variation"

o

"No, lots of variation"
The first question concerned whether the interior structure of the building

consisted of columns, bearing walls, a mixture of the two, or if there was no structure in
the interior. The next question asked the same of the exterior structure. It was stated in
Sarkisian et al. 's paper that the Desmond Building has columns in the exterior and
interior structure, so "columns" were selected for both answers. If this had not been
explicitly stated, the RAs would have had to infer this based on photographs.
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The next question concerned whether each story was indistinguishable, in terms
of structure and layout. It was evident from the paper that the Desmond Building had
similar layouts on each story, so "yes, they are effectively the same" was selected. The
next question asked if the building layout was orthogonal, meaning whether walls were
generally at right angles to each other. This could be estimated from photographs or
building plans, and in this case, the Desmond Building is orthogonal.
C.5 Condition of Building Elements
The final prompt concerned the condition of the following building elements:
structure, foundation, roofing, exterior cladding, windows, energy efficiency, HVAC,
plumbing, electrical and lighting, vertical circulation, and interior finishes. The elements
were rated as either "Good," "Fair," "Poor," or "Bad." Table C.1 shows the description of
each of these ratings for the physical, functional, and relative aspects of the building
elements. The RAs gave ratings based on the information available and their judgement,
based on the descriptions in Table C.1. Also, two flow charts (shown Figure C. 2 and
Figure C.3) were developed to help RAs use the available information to reach ratings.
They looked as factors such as building age, mention of negative or positive building
attributes in the sources, and specific pieces of information that could shed light on the
condition of the building system. Figure C.2 was used for all elements other than interior
finishes, and Figure C.3 was used for interior finishes only.

177

Table C.1: Rating the condition of building systems
Rating*
Good

Physical Rating
New or near new
state

Function Rating
Functioning at full
capacity/capability

Fair

Requires minor or
routine
maintenance
Requires repair or
major maintenance

Functional but not at full
capacity/capability

Poor
Bad

Functionality
limited

Relative Rating**
Meets or exceeds the
current quality of new
construction
Approaches the current
quality of new
construction
Some deviation from
current standards

Requires
replacement

Non-functional or
Major deviation from
function is severely
current standards
limited
**For each system being rated, the lowest of the state, function, and relative ratings was used.
**As compared to a new building constructed in the same year as the demolition/adaptation and having
similar occupancy and materials.

Figure C.2. Flow chart used to judge the condition of building systems (online entry
form)
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Figure C.3: Decision tree for rating condition of interior finishes (online entry form)
Essentially, if a defect was mentioned in the available sources, the element was
rated as "bad" or "poor," depending on the level of repair required. If a defect was not
mentioned, it was rated as either "good" or "fair," depending on the age of the building.
In Sarkisian et al. 's paper on the Desmond Building, the authors mentioned that the
structure was in good condition for its age, so the structure and foundation were rated
as "fair." The facade and windows needed to be "refreshed," so windows and exterior
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cladding were rated as "poor." Roofing, energy efficiency, HVAC, plumbing, electrical,
vertical circulation, and interior finishes were not mentioned, and for each category, the
effective age of the building was too high to be rated "good," so each was rated "fair."
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C.6 Online dataset Article questions
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APPENDIX D SCORING FOR CHAPTER 5
D.1 Scoring Historical/Sentimental Status
Three questions in the "Basic" section of the DaAD addressed issues of historic
designation and public sentiment (Appendix B). The final HS score for a project was
calculated as the highest score obtained for the questions in Table D.1. Question B-7
directly asked whether the building had any official historic designation; if the answer
was "Yes," the project was automatically assigned a score of 1, the best score. This is
because an official designation places restrictions demolition of the building, making an
adaptation outcome more likely (Baker, 2020b; Sara J. Wilkinson et al., 2014a).
Questions B-8 asked whether the building was in a cultural conservation neighborhood.
If a building did not have an official designation (per question B-7), but it was in such a
neighborhood, the project received a score of 0.5, a neutral score. Though such a
building would not have the advantage of an official designation, it was reasoned that it
is nonetheless advantageous to adaptation for a building to be located in a cultural
conservation area (Baker, 2020b); thus, the neutral score was given, rather than a
penalizing low score. Likewise, if the user's response to question B-12 indicated that
there was significant positive public sentiment toward the building, the project received
a score of 0.5. Even without any official historic designation or proximity to a historical
neighborhood, strong public sentiment can be influential in determining whether a
building is adapted or demolished (Baker, 2020b).
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Table D.1: Historical/sentimental status questions selected from DaAD, with answer
options and corresponding scores (0 = least status, 1 = most status)
No.
B-7

Question Text
Does the building have a "heritage,"
"historical" or "landmark"
designation?

B-8

Is the building located in a "heritage,"
"historical" or other type of cultural
conservation neighborhood/area?

B-12

What sentimental attachment (if any)
did the community have to the
building immediately prior to
demolition/adaptation?

Answer Choices
Yes
No
Don't know
Yes
No
Don't know
Strongly positive
Generally positive
Neutral/uninterested
Strong but mixed
Generally negative
Strongly negative
Don't know

Score
1
0
0
0.5
0
0
0.5
0.5
0
0
0
0
0

The online project entry form gauged heritage value using the question shown in Table
D.2. Similar to the scoring method for the DaAD dataset, a project was given a score of 1
for official historic designation, a score of 0.5 for positive public sentiment without
official designation, and a score of 0 if both of these were absent.
Table D.2: Historical/sentimental status question from the online project entry form,
with answer options and corresponding scores (0 = least status, 1 = most status)
Question Text
Was there any
heritage value
mentioned?

Answer Choices
Yes, public sentiment but no official designation
Yes, public sentiment but no official designation
No, no sentiment or designation
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Score
1
0.5
0

D.2 Scoring Building Condition Parameters
D.2.1 Structure/foundation
DaAD dataset
The database questions selected to gauge the physical condition of the structure
and foundation are shown in Table D.3. This range of questions was selected to capture
all possible angles of how a poor (or good) condition might be identified for the
structure and foundation of a building. Because of the importance of the structural
system and the impact of any one issue, the overall score for structure/foundation was
calculated as the lowest score obtained from the questions shown in Table D.3.
The pertinent questions addressed three "angles" of condition: Questions Str-6
and Str-7 addressed code compliance of the building's structural systems. Questions A2-1 and A-2-2 sought to identify any structural issues. The previously identified
questions pertained to both adaptation and demolition projects. However, question D2-25, which addressed the difficulty of potential adaptation of the structure and
foundation, applied only to demolition projects. (Projects received a lower score here if
the user indicated that adaptation would have been difficult.) Similarly, questions A-5-4
and A-5-5 applied only to adaptation projects, and these addressed actual changes
made to the structure and foundation. (Projects that involved extensive upgrades
received lower scores because this indicated that the systems were in poor shape and
need of upgrades.)
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Table D.3: Structure/foundation condition questions selected from DaAD, with answer
options and corresponding scores (0 = poorest condition, 1 = best condition)
No.
Str-6

Question Text
In its original (pre-adapted [or
-demolished]) design, to what
degree did the lateral forceresisting system (LFRS) satisfy
current code requirements?

Str-7

In its original (pre-adapted [or
-demolished]) design, to what
degree did the gravity load
resisting system (GFRS) satisfy
current code requirements?

A-2-1
D-2-1
P-3-1
M-6-1
M-10-1

To what degree did [damage
from fire, earthquake,
windstorm, or other extreme
event] motivate or
necessitate adaptation [or
demolition]?
To what degree did [structural
issues other than from an
extreme event] motivate or
necessitate adaptation [or
demolition]?
Demo projects only:
To what degree did [the
following] motivate or
necessitate demolition:
Too expensive to
upgrade/maintain structure/
foundation
Adapt projects only:
To what degree [was] the
following [adaptation] made:
Upgrade/replacement of
structure

A-2-2
D-2-2
P-3-2
M-6-2
M-10-2
D-2-25
P-3-25
M-6-22

A-5-4
M-9-4

Answer Choices
Generally exceeded current code requirements
Generally met current code requirements
Violated some requirements of current code
Violated numerous requirements of current code
Don't know
Generally exceeded current code requirements
Generally met current code requirements
Violated some requirements of current code
Violated numerous requirements of current code
Don't know
Primary motivator / reason

Score
1
0.7
0.3
0
1.01*
1
0.7
0.3
0
1.01*
0

Contributing motivator / reason

0.3

Non-factor / does not apply

1

Don't know

1.01*

Primary motivator / reason

0

Contributing motivator / reason

0.3

Non-factor / does not apply

1

Don't know

1.01*

Primary motivator / reason

0

Contributing motivator / reason

0.3

Non-factor / does not apply

1

Don't know

1.01*

Significant - greater than 80%
0
Moderate - greater than 20%
0.3
Minor - less than 20%
0.7
Not changed / does not apply
1
Don't know
1.01*
A-5-5
Adapt projects only:
Significant - greater than 80%
0
M-9-5
To what degree [was] the
Moderate - greater than 20%
0.3
following [adaptation] made:
Minor - less than 20%
0.7
Upgrade/replacement of
Not changed / does not apply
1
foundation
Don't know
1.01*
* "Don't know" responses were assigned a score of 1.01 to aid in identifying project entries with
unacceptably frequent "don't know" responses.
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Online dataset
The condition of the structure and foundation were directly addressed in the online
entry form by the questions shown in Table D.4Error! Reference source not found.. The
researchers rated the condition of each system as "good," "fair," "poor," or "bad." The
scores assigned for each option were straightforward; "good" earned the highest rating
of 1; "fair" earned 0.7, which lies between a perfect score of 1 and a neutral score of
0.5; "poor" received a below-average score of 0.3; and "bad" received the worst score,
0. Due to the importance of the structure and foundation of the overall condition of the
building, the lowest score obtained for these two questions was taken as the
structure/foundation parameter score.
Table D.4: Structure/foundation condition questions from online project entry form,
with answer options and corresponding scores (0 = poorest condition, 1 = best
condition)
Question Text
Physical condition
of [structure]

Physical condition
of [foundation]

Answer Choices
Good
Fair
Poor
Bad
Good
Fair
Poor
Bad

Score
1
0.7
0.3
0
1
0.7
0.3
0

D.2.2 Exterior walls/roof
DaAD dataset
The condition of the exterior walls and roof of each project was judged based on
the questions shown in Table D.5. Some of the database questions were written
differently for adaptation and demolition projects because some questions that apply to
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adaptations do not apply to demolitions and vice versa. For example, a question such as
A-5-6 (Table D.5), which addresses the actual adaptation performed on a project,
obviously would not apply to a demolition project. The exterior walls/roof parameter
was scored differently for adaptation and demolition projects.
For demolition projects, the response to question D-2-23 (Table D.5), which
addressed the expense of potential adaptation, was used to score the condition of the
exterior walls and roof. Because this was only one question, the researchers took an
additional step to ensure that the scores were accurate. A default score of 0.7 was
assigned to projects where the respondent had answered that potential expense was a
non-factor or did not apply. However, in these cases (and also if "don't know" was the
response), the project was flagged so that the researchers could investigate the details
of the project and manually change the score per the evidence, if necessary.
In the case of adaptation projects, the questions A-5-6 and A-5-7 (Table D.5)
were selected. These questions addressed the actual changes made to the roof and
exterior walls, respectively. The more extensive the upgrade, the poorer the assigned
condition score for that question. The researchers judged that since roofing is on
average a 20-30 year replacement cycle, updated about twice as frequently and more
easily than exterior walls (Cowee & Schwehr, 2012a; Duffy, 1990b), the questions were
weighted as follows to obtain the final exterior walls/roof condition score:
0.33*(A-5-6 score) + 0.67*(A-5-7 score) = Exterior walls/roof
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Table D.5: Exterior walls/roof condition questions selected from DaAD, with answer
options and corresponding scores
(0 = poorest condition, 1 = best condition)
No.
D-2-23
P-3-23
M-6-20

A-5-6
M-9-6

Question Text
Demo projects only:
To what degree did [the
following] motivate or
necessitate demolition:
Too expensive to
upgrade/maintain building
enclosure (roof/exterior
walls)

Answer Choices
Primary motivator / reason

Score
0

Contributing motivator / reason

0.3

Non-factor / does not apply

0.7

Don't know

1.01*

Adapt projects only:
To what degree [was] the
following [adaptation] made:
Upgrade/replacement of roof

Significant - greater than 80%
0
Moderate - greater than 20%
0.3
Minor - less than 20%
0.7
Not changed / does not apply
1
Don't know
1.01*
A-5-7
Adapt projects only:
Significant - greater than 80%
0
M-9-7
To what degree [was] the
Moderate - greater than 20%
0.3
following [adaptation] made:
Minor - less than 20%
0.7
Upgrade/replacement of
Not changed / does not apply
1
exterior walls
Don't know
1.01*
* "Don't know" responses were assigned a score of 1.01 to aid in identifying project entries with
unacceptably frequent "don't know" responses.

Online dataset
The condition of the roofing, exterior cladding, and windows was directly
addressed in the online entry form by the questions shown in Table D.6. The condition
of each was rated on a scale from "good" to "bad" and assigned the corresponding score
(see section Online dataset under Structure/foundation). The formula used below was
used to calculate the exterior walls/roof score (see previous section, DaAD dataset for
similar formula and rationale for weightings):
0.33*(roofing) + 0.67*(AVG(exterior cladding, windows)) = Exterior walls/roof
Unlike in the DaAD, the exterior cladding and windows were addressed separately in the
online entry form. These were averaged to obtain an exterior walls score.
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Table D.6: Exterior walls/roof condition questions from the online project entry form,
with answer options and corresponding scores (0 = poorest condition, 1 = best
condition)
Question Text
Physical condition
of [roofing].

Physical condition
of [exterior
cladding].
Physical condition
of [windows].

Answer Choices
Good
Fair
Poor
Bad
Good
Fair
Poor
Bad
Good
Fair
Poor
Bad

Score
1
0.7
0.3
0
1
0.7
0.3
0
1
0.7
0.3
0

D.2.3 MEP/energy efficiency
DaAD dataset
The condition of the mechanical, electrical, and plumbing systems was
considered along with energy efficiency as one parameter. The database questions
pertaining to this parameter are shown in Error! Reference source not found. 4.3. The
lowest score out of all these questions was taken as the overall MEP/energy efficiency
score because any one of the issues addressed in the questions would indicate a serious
issue with the building systems, even if answers to the other questions were more
positive.
Two of the questions, similar to the exterior walls/roof questions, pertained to
either demolition or adaptation projects, but not both. Question D-2-22 addressed the
expense of potential adaptation of the MEP systems for demolition projects. Question
A-5-3 addressed the actual changes made to the MEP systems in an adaptation project.
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The next two questions applied to both types of projects. Question A-2-11 gauged
whether a lack of energy efficiency contributed to the decision to adapt or demolish.
Question Ser-1 had respondents compare the energy efficiency of the original building
to a similar new-construction building. For question Ser-1, the researchers assigned a
score of 0.8 to the answer "Less efficient than new building." This was done to ensure
that this answer would not unreasonably penalize projects since it was reasonable to
expect that most buildings would be less efficient than a similar new building. The
thought process was that if a project received perfect scores (scores of 1) for the other
questions in Table 4.3, then the answer to Ser-1 would lower the overall parameter
score slightly for this project if it was less efficient than a similar new building. It was
concluded that a building in otherwise perfect condition should nevertheless only score
a perfect score of 1 if it had energy efficiency similar to that of a new building.
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Table 4.3: MEP/energy efficiency condition questions selected from DaAD, with answer
options and corresponding scores
(0 = poorest condition, 1 = best condition), from Chapter 4.
No.
D-2-22
P-3-22
M-6-19

A-5-3
M-9-3

A-2-11
D-2-13
P-3-13
M-6-11
M-10-11
M-6-19
Ser-1

Question Text
Demo projects only:
To what degree did [the
following] motivate or
necessitate demolition:
Too expensive to
upgrade/maintain building
systems (plumbing, HVAC,
electrical, elevators)
Adapt projects only:
To what degree [was] the
following [adaptation] made:
Upgrade/replacement of
building services (plumbing,
HVAC, electrical, elevators)
To what degree did [lack of
energy efficiency] motivate or
necessitate adaptation [or
demolition]?

Answer Choices
Primary motivator / reason

Score
0

Contributing motivator / reason

0.3

Non-factor / does not apply

0.7

Don't know

1.01*

Significant - greater than 80%
Moderate - greater than 20%
Minor - less than 20%
Not changed / does not apply
Don't know
Primary motivator / reason

0
0.3
0.7
1
1.01*
0

Contributing motivator / reason

0.3

Non-factor / does not apply

0.7

Don't know

1.01*

How did the pre-adaptation
More efficient than new building
energy use compare to a
Approximately the same as new building
similarly-sized typical newlyLess efficient than new building
constructed building in the
Don't know
same neighborhood?
* "Don't know" responses were assigned a score of 1.01 to aid in identifying project entries with
unacceptably frequent "don't know" responses.

1
1
0.8
1.01*

Online dataset
The questions shown in Table D.7 addressed the condition of each building's
energy efficiency, HVAC, plumbing, and electrical and lighting systems. The condition of
each was rated on a scale from "good" to "bad" and assigned the corresponding score
(see section Online dataset under Structure/foundation). Like in the DaAD dataset, the
lowest score out these were taken as the MEP/energy efficiency score.
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Table D.7: MEP/energy efficiency condition questions from the online project entry
form, with answer options and corresponding scores
(0 = poorest condition, 1 = best condition)
Question Text
Physical condition
of [energy
efficiency]
Physical condition
of [HVAC]

Physical condition
of [plumbing]

Physical condition
of [electrical and
lighting]

Answer Choices
Good
Fair
Poor
Bad
Good
Fair
Poor
Bad
Good
Fair
Poor
Bad
Good
Fair
Poor
Bad

Score
1
0.7
0.3
0
1
0.7
0.3
0
1
0.7
0.3
0
1
0.7
0.3
0

D.2.4 Appearance
DaAD dataset
The condition parameter appearance was scored based on one question, shown
in Table D.8. Question A-2-9 had respondents judge whether an "outdated/undesirable
appearance" was a factor in deciding to adapt or demolish. If this was a non-factor, the
project was given a score of 1, indicating that the appearance was in good condition
with no specific issues.
Table D.8: Appearance condition questions selected from DaAD, with answer options
and corresponding scores (0 = poorest condition, 1 = best condition)
No.
A-2-9
D-2-11
P-3-11
M-6-19

Question Text
To what degree did
[outdated/undesirable appearance]
motivate or necessitate adaptation
[or demolition]?

Answer Choices
Primary motivator / reason

Score
0

Contributing motivator / reason

0.3

Non-factor / does not apply

1

Don't know

1.01*

* "Don't know" responses were assigned a score of 1.01 to aid in identifying project entries with
unacceptably frequent "don't know" responses.
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Online dataset
The online entry form did not include a question that was analogous to the DaAD
question shown in Table D.8, due to limitations on the type of data that could be
collected through the online entry form system. However, the researchers still wanted
to give the concept of "appearance" some consideration. Thus, they used the online
entry question shown in Table D.9 to obtain a score for the appearance parameter. This
question addressed the physical condition of interior finishes.
Table D.9: Appearance condition questions from the online project entry form, with
answer options and corresponding scores (0 = poorest condition, 1 = best condition)
Question Text
Physical condition of [interior
finishes]

Answer Choices
Good
Fair
Poor
Bad

Score
1
0.7
0.3
0

D.3. Scoring DBA Parameters
D.3.1 Floor-to-floor height
In the "Space plan" section of the DaAD, participants answered the following
floor-to-floor height questions:
SP-4: Main floor: Prior to adaptation, what was the distance from finish floor of
the main level to the finish floor of the next level up? Do not consider atriums or
other vertical openings for this question. If this was a one-story building, enter
dimension from the finish floor to the bottom of roof structure. (Enter a number
with no commas or decimals. If your answer is "don't know" or "not applicable,"
please enter 999.)
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SP-8: Typical upper floor: Prior to adaptation, what was the typical distance from
finish floor to finish floor? Do not consider atriums or other vertical openings for
this question. If this is a two-story building, enter dimension from the finish
second floor to the bottom of roof structure.
SP-4 addressed the floor-to-floor height of the main floor, and SP-8 addressed
the floor-to-floor height of the typical upper floor, if applicable. If SP-8 applied to a
project, then that answer was taken as the effective floor-to-floor height. If SP-8 was not
applicable, then the answer to SP-4 was used. (The analysis spreadsheet was
programmed to flag any questionable answers, such as 1 ft or 50 ft, and to flag cases
where the typical height was greater than the main floor height, which would be
unlikely in reality.)
In the online project entry form, RAs directly entered the typical floor-to-floor
height per the following prompt: "What is the typical story height?" The response to this
question was taken as the value to be used for scoring.
The following scoring approach and values were based on MacFarland et al.,
(2020), where the approach was used specifically for college campus buildings.
McFarland et al. confirmed these values through informal discussion with design
professionals (D. McFarland, personal communication, April 3, 2020). These values were
also in agreement with the author's reasoning and twenty-five years of experience in
the construction industry.
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The DBA score for floor-to-floor height is defined in Figure 4.2. The scale begins
with a score of 0 for values that are 9 ft or lower. A floor-to-floor height of 9 ft was
judged to impractical enough to warrant the lowest score of 0. A floor-to-floor height of
15 ft was judged to be a better-than-average height, which would allow enough space
for most types of services. Floor-to-floor heights between 9 and 15 were scored on a
relatively steep line, as an increase of only one or two feet in this range can provide
significant benefits. For example, a height of 10 ft would receive a score of 0.133 (quite
poor), while a height of 12 ft would receive a score of 0.4 (slightly poorer than average).
After the 15 ft mark, however, increases in floor-to-floor height are less beneficial. The
researchers judged that a 30 ft floor-to-floor height would receive the maximum score
of 1 because, at this point, the level could be split into two 15 ft levels. Heights between
15 ft and 30 ft were scored along a line ranging from 0.8 to 1.0.
1.0

(30, 1)

(15, 0.8)

Score

0.8
0.6
0.4
0.2

(9, 0)
0.0

0

10

20

30

40

50

60

Floor-to-Floor Height (ft)

Figure 4.2: DBA scores for floor-to-floor height (after McFarland et al., 2020), from
Chapter 4
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D.3.2 Typical structural spacing
A value for typical structure spacing was not included initially in the DaAD
dataset. Therefore, for each project, if the researchers had access to building plans, they
determined the typical (or average) spacing between structural elements and added this
value to the dataset. If the researchers did not have access to the plans, they contacted
the participant who entered the project, who provided the typical structural spacing.
As with floor-to-floor height, the following metric was based on (McFarland
et al., 2020). The DBA scores for structural spacing are defined in Figure D.1. The scale
began at 10 ft, a structural spacing that was judged to be small enough to warrant the
lowest score, 0. The score then increased at a relatively steep slope until it reached 30
ft, which earned a score of 0.8. A 30 ft spacing was reasoned to be a reasonable
standard value for good, flexible spacing. Several pieces of information supported this
reasoning. As described in (McFarland et al., 2020), a 30 ft spacing corresponds to the
typical size of university classrooms, making it a flexible spacing for that usage. Also,
informal communication with two building professionals who work in healthcare
construction, in healthcare building design, confirmed a structural grid of about 32 ft is
considered ideal for flexibility (Standard Structural Grid Best Practices, personal
communication, March 31, 2020).
After reaching the threshold of 30 ft, the score increased at a lower slope.
Since 30 ft is a good standard for flexibility, an increase beyond that could

197

advantageous, but the increase could come with diminishing returns. Once the spacing
reaches 60 ft, the author judged it to have reached the reasonable maximum score of 1.
1.0

(60, 1)

(30, 0.8)

0.8

Score

0.6

0.4

0.2

(10, 0)
0.0

0
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60

80

100

Structural Spacing (ft)

Figure D.1: DBA scores for typical structural spacing and maximum structural spacing
(after McFarland et al., 2020)
In the case of the online entry form, the ranges shown in Table D.10 were used
to gauge the typical structural spacing of each building. The average score within each
range was used in conjunction with Figure D.1 to determine the appropriate score for
each range.
Table D.10: Typical structural spacing question from the online project entry form, with
answer options and corresponding scores (from Figure D.1)
Question Text

Answer Choices

Average Spacing
in Range

What is the typical
spacing of structural
walls/columns?

< 15 ft
25 - 15 ft
35 - 25 ft

15 ft
20 ft
30 ft
35 ft

> 35 ft
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Score (from
Figure D.1)
0.200
0.400
0.800
0.833

D.3.3 Maximum structural spacing
The maximum structural spacing parameter focused on the largest space
between structural members that could be identified on the building's plans. While
typical structural spacing focused on the most common spacing in a building, and thus
the overall flexibility of a building plan, the parameter maximum structural spacing
captured whether a building plan contained a large space that could feasibly be used as
a gathering area. In the case of the DaAD dataset, maximum structural spacing was
determined in the same way as typical structural spacing. In the online project entry
form, the question and ranges shown in Table D.11 were used.
The same scale shown in Figure D.1 was used to score this parameter. Thus, if a
building's maximum structural spacing was the same as its typical structural spacing, the
building would not be penalized; it would simply receive the same score for both
parameters. If, however, the building contained a large space, the maximum structural
spacing score would reflect this and benefit the building's score.
Table D.11: Maximum structural spacing question from the online project entry form,
with answer options and corresponding scores
Question Text
What is the
maximum spacing of
structural
walls/columns?

Answer Choices
< 15 ft
25 - 15 ft
35 - 25 ft
45 - 35 ft
>45 ft
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Average Spacing
in Range
15 ft
20 ft
30 ft
40 ft
45 ft

Score (from
Figure D.1)
0.200
0.400
0.800
0.867
0.900

D.3.4 Interior structure type
DaAD dataset
The parameter interior structure type referred to the structural system used on
the interior of a building (i.e., columns, load-bearing walls, or a mixture). The questions
shown in Table D.12 were selected from the DaAD to gauge this parameter. Though no
question directly asked about interior structure type, the researchers were able to use
the responses to this question along with a decision tree (Figure D.2) to obtain answers.
Table D.12: Interior structure type questions selected from DaAD, with answer options
(see Figure D.2 for scores)
No.
Str-1

Question Text
Prior to adaptation [or demolition],
what type of system(s) was used to
carry gravity loads? Check all that
apply.

Str-2

Prior to adaptation [or demolition],
what type of system(s) was used to
carry lateral loads. Check all that
apply.

Str-9

In its original (pre-adapted [or demolished]) condition, was the
lateral force-resisting system (LFRS)
better characterized as distributed
through many elements or
concentrated in a few elements?
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Answer Choices
Concrete - cast-in-place
Concrete - precast
Concrete - prestressed
Steel - cold formed
Steel - rolled shapes
Steel - trusses / joists
Wood - post and beam
Wood - stud wall
Wood - prefabricated elements
Brick/masonry
Other
Concrete - moment frames
Concrete - shear walls
Steel - moment frames
Steel - braced frames
Wood - shear walls
Wood - Other
Brick/masonry - shear walls
Other
LFRS distributed throughout
building
LFRS a mix of distributed
throughout and concentrated
LFRS elements concentrated
Don't know

The decision tree shown in Figure D.2 began by identifying whether the building
contained shear walls or braced frames. If the building contained those structures, this
indicated that there were at least some load-bearing walls or braced frames in the
building, which would hinder adaptability. Next, the decision tree identified whether the
building also contained moment frames (which would indicate the presence of
columns). If the answer was "yes," the building received a neutral score of 0.5 since it
contained both columns and load-bearing walls. If the answer was "no," the building
received the lowest score, 0. However, to guard against unreasonably penalizing some
buildings, the decision tree also checked whether all the shear walls in the building were
concentrated in one area. If this was the case, then even a building that contained only
load-bearing walls received a score of 0.5, since the shear walls were concentrated in
one area of the plan.
Alternatively, if the building did not contain any shear walls or braced
frames, then this indicated that there were at least some columns in the building, and
thus the building would not receive the worst score of 0. The decision tree then checked
whether the user had positively identified that the building contained moment frames
(or wood post-and-beam construction). If the answer was "yes," the building received
the top score of 1 since the interior was reasoned to be made up of columns. If the
answer was "no," the building received a neutral score of 0.5 because none of the
indicators had been selected.
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Figure D.2: Decision tree for interior structure type (DaAD dataset)
Online dataset
In the online entry form, RAs answered the question shown in Table D.13,
identifying whether the interior structure of the building consisted of load-bearing walls,
columns, both, or neither. Like the DaAD dataset, projects received a score of 1 if no
exterior walls were load-bearing (i.e., interior structure consisted of columns only or was
nonexistent), a score of 0.5 if some exterior walls were load-bearing, and a score of 0 if
the interior structure was exclusively made up of bearing walls.
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Table D.13: Interior structure type question from the online project entry form, with
answer options and corresponding scores
Question Text

Answer Choices

Score

Description of interior
structure (select
category that best fits)

No structure in interior
Columns
Mixture
Bearing Walls (excluding
stairwells and other "core" walls)

1
1
0.5
0

D 3.5 Exterior structure type
DaAD dataset
Users identified whether exterior walls were load-bearing in the question shown in
Table D.14. Load-bearing walls were reasoned to be less conducive to adaptation than
columns, due to the difficulty of cutting or removing walls. Thus, buildings were
penalized for having load-bearing exterior walls and benefited by their absence.
Table D.14: Exterior structure type question selected from DaAD, with answer options
and corresponding scores
No.
E-10

Question Text
Prior to adaptation [or
demolition], were
exterior walls loadbearing?

Answer Choices
Score
Exterior walls are load-bearing with no exceptions
0
50% or more of the exterior walls are load-bearing
0.33
Less than half of the exterior walls are load-bearing
0.67
No exterior walls are load-bearing
1
Don't know
FLAG*
Other
FLAG*
*These responses were flagged so that researchers could review the project and assign a score based
on their judgement.

Online dataset
In the online entry form, users answered the question shown in Table D.15,
identifying whether the exterior structure of the building consisted of load-bearing
walls, columns, both, or neither. Like the DaAD dataset, projects received a score of 1 if
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no exterior walls were load-bearing (i.e., exterior structure consisted of columns only or
was nonexistent), a score of 0.5 if some exterior walls were load-bearing, and a score of
0 if the exterior structure was exclusively made up of bearing walls.
Table D.15: Exterior structure type question from the online project entry form, with
answer options and corresponding scores
Question Text

Answer Choices

Score

Description of
structure at exterior
of building (select
category that best fits)

No structure at exterior
Columns
Mixture
Bearing walls

1
1
0.5
0

D 3.6 Design live load
DaAD dataset
In the "Structure" section of the DaAD, participants answered question Str-4:
Str-4: What is the design live load (LL) used in the original (pre-adaptation [or demolition]) design? (If the live load varies, enter the value that covers the
greatest portion of the building. If the design live load is not known, input the
live load associated with the current occupancy. If your answer is "don't know" or
"not applicable," please enter 999.)
The analysis spreadsheet was programmed to flag projects where the participant
had answered "999" or an unusual value, such as 10 psf or 150 psf. Then the researchers
investigated the details of the project to determine the correct design live load value. If
the design value used was not available in the project documentation, the researcher
assumed the design value associated with the most common occupancy of the building,
according to the uniform design loads given in ASCE 7-10 (Engineers, 2013). For
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example, a classroom building would be assigned a design live load of 40 psf in
accordance with ASCE 7-10.
As with floor-to-floor height, the following metric was based on (McFarland et
al., 2020). The DBA score for design live load is defined in Figure D.3. The scale begins
with a score of 0 for design live loads of 20 psf or lower. There are very few occupancies
with a minimum design load less than 20 psf, so 20 psf was used as the starting point.
Since a 20 psf live load is sufficient only for a few occupancies (such as attics and roofs),
it was reasonable to give it a score of 0. As the design load increases between 20 psf and
100 psf, the DBA score increases at a relatively steep slope on the figure. This is because
an increase of 10 or 20 psf of design load can make a building significantly more open to
adaptation. For example, a design load of 40 psf would allow for classrooms or
apartment living spaces and would receive a score of 0.2. A design load of 60 psf would
allow for office space or library reading room and would receive a score of 0.4. Both of
these cases would receive below-average scores because they are limited in their ability
to provide gathering areas or corridors. However, once the design load rises to 100 psf,
it would score 0.8 and would be sufficient for most occupancies, including assembly
areas. As shown on the figure, an increase in design load after this point would still be of
some benefit, but since only special occupancies (such as data centers or
manufacturing) require a design load greater than 100 psf, the benefits are less
important (thus the lower slope). Once the design load reaches 300 psf, a very high
value, any further increase is insignificant.
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Figure D.3: DBA scores for design live load (after McFarland et al., 2020)
Online dataset
The question addressing design live load in the online entry form was simplified
to a three-option multiple-choice question based on building usage (Table D.16). Due to
the nature of the data collection, precise design live loads could not be determined (as
they were not reported in online periodicals or other online resources). Thus the
researchers developed a scale that would utilize the available information. Buildings
that were designed for a usage with low-level structural design were assigned a score of
0, while building designed for high load (such as libraries) received a score of 1. Buildings
that fell into the middle were assigned a score of 0.5.
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Table D.16: Design live load question from the online project entry form, with answer
options and corresponding scores
Question Text

Answer Choices

Which category
best fits the
building prior to
demolition/
adaptation?

Low: Agricultural, or otherwise low-level of
structural design criteria
Medium: Default category, non-fit "top" or
"low"
High: Library, museum, prison, "monument"
building, or otherwise high-level of structural
design

Score
0

0.5
1

D 3.7 Orthogonal grids
DaAD dataset
The parameter orthogonal grids measured the degree to which a building's
structural elements were oriented on orthogonal grids (Table D.17). A building was
given a "good" score of 1 if structural elements were oriented only on orthogonal grids.
The score was reduced to 0.8 (still a reasonably good score) if the respondent answers
"mostly on orthogonal grids." Other responses received a "bad" score of 0.
Table D.17: Orthogonal grid question selected from DaAD, with answer options and
corresponding scores
No.

Question Text

Answer Choices

Str-11

In its original (pre-adapted
[or pre-demolished])
condition, to what degree
were the structural
elements oriented along
orthogonal grids?

Only on orthogonal grids
Mostly on orthogonal grids
Few on orthogonal grids
Not at all on orthogonal
grids
Don't know

Score
1
0.8
0
0
FLAG*

*These responses were flagged so that researchers could review the project and assign
a score based on their judgement.
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Online dataset
Similar to the DaAD, the question shown in Table D.18 was used to score the degree
to which a building's layout was orthogonal. Scores were assigned in much the same
way as for the DaAD dataset.
Table D.18: Orthogonal grid question from the online project
entry form, with answer options and corresponding scores
Question Text

Answer Choices

Is the building layout
orthogonal?

Yes, exactly
No, some variation
No, lots of variation

Score
1
0.8
0

D 3.8 Stacking floor plates
DaAD dataset
The parameter stacking floor plates related to the degree to which floor plate layouts
matched each other in a given multi-level building (Table D.19). If floor plates were
nearly identical, the project received a "good" score of 1. If floors mostly matched, the
score was reduced to 0.8. Floors with significant differences were given a "bad" score of
0. If this question did not apply to a project (due to it being single-level), a score of 1 was
assigned to avoid penalizing a project for being single-level.
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Table D.19: Stacking floor plates question selected from DaAD, with answer options and
corresponding scores
No.
G-6

Question Text
Answer Choices
Score
Prior to adaptation [or demolition], to what
Yes, floors were almost identical
1
degree did the upper floors match each other, Yes, floors mostly matched
0.8
i.e., were they "stackable"? Examples:
No, floors did not match well
0
bathrooms, hallways, partition walls, and/or
utility chases were in same location on each
No, floors were very different
0
floor; higher floors did not overhang lower
Don't know
FLAG*
floors; higher floors were not smaller than
Not applicable
1
lower floors.
*These responses were flagged so that researchers could review the project and assign a score based on
their judgement.

Online dataset
Similar to the DaAD, the question shown in Table D.20 was used to score the degree
to which a building's floor plates matched. Scores were assigned in much the same way
as for the DaAD dataset.
Table D.20: Stacking floor plates question from the online project entry form, with
answer options and corresponding scores
Question Text
Are different stories
indistinguishable
(excluding first floor)?

Answer Choices
Yes, they are effectively
the same
No, some variation
No, lots of variation
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Score
1
0.8
0
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